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Genetics 
Golden Jubilee Supplement 
THE BIRTH OF GENETICS 


To commemorate the fifty years’ anniversary of Mendelism, 
GENETICS will publish English translations 


of MENDEL’S LETTERS TO NAGELI 


and translations of the first publications, in 1900, of’ 


DE VRIES, H., Sur la loi de disjonction des hybrides. Comptes Rendus 
130: 845-847. 


CORRENS, C. G., Mendel’s Regel iiber das Verhalten der Rassenbastarde. 
Ber. deutsch bot. Ges. 18: 158-168. 


TSCHERMAK, E. VON, Uber kiinstliche Kreuzung bei Pisum sativum. Ber. 
deutsch. bot. Ges. 18: 232-239. 


Mendel’s famous letters show the wide range of his biological interest 
and report on important observations not described in his published papers. 
In addition they give vivid impressions of Mendel’s personality. 

The papers by de Vries, Correns, and Tschermak illustrate the different 
ways in which the three rediscoverers of Mendel’s work reached their conclu- 
sions and presented their results. 


These translations will form a supplement of about 50 pages to the Sep- 
tember 1950 issue of GENETICS and will be mailed to subscribers without 
charge. 

The supplement will be of value to a wide circle of biologists, and be suit- 
able for use in classes. 


For sale as follows: 


Pre-publication Prices Regular Prices 
(orders to be received before Sep- 1 copy $1.00 
tember 1, 1950) 10 copies at 0.90 

2 copies at 0.85 25 copies at 0.80 


10 copies at 0.80 
25 copies at 0.70 


Orders should be sent to 
BROOKLYN BOTANIC GARDEN, BROOKLYN 25, N.Y. 
Please make check payable to GENETICS INC. 


























Genetics: The First 50 Years 


MEETINGS OF THE GENETICS SOCIETY OF AMERICA 
COLUMBUS, OHIO 
SEPTEMBER 11 TO 14, 1950 


The GENETICS SOCIETY OF AMERICA at its annual meeting on 
December 29, 1949, voted to celebrate in 1950 the 50th birthday of the 
rediscovery of Mendel’s fundamental work. Furthermore, genetics as a 
science began with the rediscovery of Mendel’s original findings, so this 
proposed celebration may justifiably be called the Golden Jubilee Program 
of Genetics. 


The meetings in 1950 of the Genetics Society are to be held at Columbus, 
Ohio from September 11 to 14, under the auspices of the American Institute 
of Biological Sciences. The first day of the meetings of the Society will be 
given over to the presentation of short papers describing the results of 
current research. 


A general meeting of all the biological societies which will convene at 
Columbus is scheduled for the evening of Monday, September 11, at which 
the keynote address on “Fifty Years of Genetics” will be given by R. B. 
Goldschmidt, Emeritus Professor of Zoology at the University of California. 
This address will mark the beginning of the Golden Jubilee Program. 


The papers to be given on Tuesday, September 12, will include various 
considerations of “Historical Aspects and the Development of Genetics.” 
On Wednesday morning, September 13, the general topic is “The Physical 
Basis of the Gene,” and that of the afternoon is “The Physiology of the 
Gene.” Three papers on “Cytogenetics” are scheduled for Thursday morn- 
ing, September 14, to be followed by several dealing with “Genetics and 
the Food Supply” and “Genetics, Medicine and Man.” 


The addresses of the President of the American Society of Naturalists 
and of the President of the American Society of Human Genetics are to be 
a part of the Golden Jubilee Program. 


The final address will be delivered on the evening of Thursday, Sep- 
tember 14 by Julian Huxley, until recently Secretary-General of UNESCO, 
under the title of “Genetics, Evolution and General Thought.” 


The speakers at the Golden Jubilee Program will survey the cevelop- 
ment and present status of various phases of genetics. In addition, each 
speaker is invited to consider probable paths of future thought and dis- 
covery. The papers are to be published as a separate volume. 














THE CYTOGENETIC EFFECT OF SLOW NEUTRONS* 


ALAN D. CONGER anp NORMAN H. GILES, jR. 
Biology Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 


Received December 19, 1949 


HE study of the biological effect of different radiations has progressed 

as sources of the various radiations have been developed. The effects of 
X, gamma, beta and alpha rays, of protons and fast neutrons, and recently 
of fission fragments have been studied in numerous organisms, both plant and 
animal. Before the development of the nuclear reactor, however, there was no 
source of slow neutrons in the amounts necessary for a study of biological 
effect. 

The fast neutrons from uranium fission can be moderated by elastic collision 
with graphite or heavy water in a nuclear reactor until their velocity is re- 
duced to that of thermal energies (average 2200 meters/sec=0.025 electron 
volts); such very slow neutrons are called thermal neutrons. Unlike fast 
neutrons, whose principal reaction with matter is one of scattering, thermal 
neutrons because of their very low energy and velocity are more likely to be 
captured than scattered by the atoms they encounter. Most of the reactions 
of biological elements with thermal neutrons are capture reactions. After an 
atom captures a neutron, it forms a new compound nucleus with an excess of 
energy. This new compound nucleus may then: 

1) emit a gamma ray immediately to form a stable isotope, e.g.,! 


H! + n— [H?] > H? + 7; 
2) emit a heavy particle immediately to form a stable isotope, e.g., 
BY’ + n— [B"] SLi? +a; 
3) emit immediately a capture radiation to form a radioactive daughter 


which subsequently emits beta or gamma rays at a rate characteristic 
for the isotope formed, e.g., 


half life 


NY+n—> [N35] + C#* +p 
6,000 years 





N“ + 6. 


It is the immediate or ‘‘capture” radiations and the delayed or “‘decay”’ radia- 
tions which are ionizing and produce the effect; thermal neutrons, of them- 
selves, apparently produce no effect since their kinetic energy is too low to 
produce recoil nuclei by elastic collisions in matter and since they are un- 
charged particles. 


* This work was done under Contract No. W-7405-eng-26 for the Atomic ENERGY Com- 
MISSION, Oak Ridge, Tennessee. 

1 These nuclear reactions are usually given in an abbreviated form much like chemical reactions. 
The reaction H'+-n—H?®+7 is abbreviated to H'(n, -y)H?. 


Genetics 35: 397 July 1950. 
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It appears that the biological effect from thermal neutron exposures would 
be due to two components of the ionization dose—electromagnetic radiation 
(gamma rays) and particulate radiation (protons and alpha particles). One of 
the striking biological effects of radiation is the production of chromosomal 
aberrations, which has been studied extensively in the plant Tradescantia. It 
has been known for some time from Tradescantia studies that the yield of 
chromosomal aberrations is different when electromagnetic and particulate 
radiations are used (for the same ionization dose, particulate produces more 
aberrations than electromagnetic radiation). In addition, the yield of ‘‘two- 
hit” or exchange aberrations differs qualitatively for the two types of radia- 
tions. With electromagnetic radiation of high intensity, the yield of these ex- 
change aberrations increases as the square of the dose, indicating that each of 
the two breaks involved in the production of an exchange aberration is pro- 
duced by a different electron track. With particulate radiation, however, the 
yield of exchange aberrations increases linearly with dose, indicating that both 
breaks are produced by a single particle (review in Lea 1947). This back- 
ground of information on the differences in response to electromagnetic and 
particulate radiation made Tradescantia an appropriate choice for a study of 
the qualitative and quantitative biological effect of thermal neutron radia- 
tion from the Oak Ridge pile. 


PHYSICAL METHODS 


Material was exposed to thermal neutrons in a treatment facility especially 
designed for biological experiments with the object of obtaining the highest 
intensity of thermal neutrons and the smallest amount of fast neutron and 
gamma-ray contamination possible. A drawing of this facility is shown in 
figure 1. The arrangement was in part dictated by other uses of the thermal 
column. The bottom of the drawing is the position of the uranium-graphite 
lattice of the pile itself. Above this is an eight-inch layer of bismuth bricks 
interposed to eliminate the fission gamma rays. Above the bismuth bricks is 
the thermal column, a seven-foot-tall by six-foot-square column of graphite. 
In the center of the thermal column and on the center line of the pile is a bis- 
muth “safe”; the central cavity of the bismuth safe is the treatment position. 
Specimens are inserted and removed from the treatment space by means of a 
sliding graphite rod with a bismuth plug on the end, to which is fixed a graphite 
treatment box containing the specimens. When the box is in the treatment 
position, it is completely surrounded by bismuth. A drawing of the graphite 
treatment box is shown in figure 2. Specimens were always placed on the 
“slope” of the box, the lowermost face when the box was in the treatment 
position. Ventilation of the treatment space is assured by grooves and slots 
through which air passes in from the outside;tlown the exit-entry tube into 
the bismuth safe, and out into the pile through ventilation holes in the safe; the 
pile is at negative pressure. Temperature inside the safe is room temperature. 

Measurements: The method by which a neutron flux (the number of neutrons 
crossing a square centimeter per second) is measured is based on the fact that 
when neutrons are captured a radioactive isotope is formed. Other things being 
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equal, the number of neutrons captured, and therefore the radioactivity of a 
sample, is proportional to the number of neutrons incident upon the sample, 
i.e., the flux. The induced radioactivity of the sample can now be measured 
on an ionization instrument, and this radioactivity measurement is an expres- 
sion of the flux by which it was activated. The neutron flux was determined 
from the induced activity in 0.1 cm? indium foils exposed simultaneously and 
adjacent to the flower buds on the “slope” of the treatment box. Activity of 
the indium foils was measured as millivolts on a 100 percent geometry ion 
chamber (JoNEs and OveERMAN 1948) and from this the neutron intensity, in 
the arbitrary unit of millivolts of saturated activity per gram of indium, could 
be determined.? The standard error (S.E.) of these measurements varied from 
0.5 to 2 percent of the mean value. 

Conversion of the arbitrary unit of neutron intensity into the absolute unit, 
thermal neutrons per cm? per second, was made by three independent methods 
from: 

1) a comparison of the activity induced in the indium foils in the Oak Ridge 
standard pile® (at a known thermal neutron flux) with the activity in- 
duced in the thermal column. All measurements were made on the same 
ion chamber; the value determined is an average of nine separate foil 
activations. 

2) a comparison of the beta activity induced in gold foils in the Oak Ridge 
thermal column with the activity induced in the same foils exposed to a 
known thermal neutron flux (by beta-gamma coincidence techniques) 
in the Argonne National Laboratory pile. These foils were activated and 
calibrated by Dr. AL WATTENBERG of the Argonne Laboratory. All 


2 The formula used to obtain the intensity is: Saturated activity per gram of foil—millivolts 


count (mv) © 


owt (activation factor) (decay factor) w(1 — e~ta)(e~ ta) 





\=decay constant 
ta=time of activation=time of exposure 
ta=time of decay, from removal to measurement 
and since 
neutrons neutrons 


Dose = flux X time = ————— X sec = — — 
cm? sec cm? 





then 
a CKt, 
w(1 — eta) (eta) 





Dose 


K=Conversion of mv/gm—neutrons/cm? sec 
For cases where the time of exposure is small in relation to the half life, the integrated dose as 
measured by the foil can be calculated directly from: 
CK 
w(eta)d 
5 The standard pile is a large mass of graphite containing a radium-beryllium source of neu- 


trons. The flux of thermal neutrons at various positions in this pile had been calculated by the ap- 
plication of neutron diffusion theory and a knowledge of the Ra-Be source strength. 
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measurements were made on the same Geiger-Miiller beta counter, the 
value is an average of four different foil activations. 
3) measurements of the activity induced in cobalt samples made on the 
ion chamber which had been calibrated for absolute measurement of 
Co disintegrations per second; the value is an average of seven activa- 
tions. 
The results of these three methods are given in table 1. 


TABLE 1 


Determination of absolute thermal neutron flux (ny, per cm? per sec) on the “slope” of the graphite 
treatment box in the thermal column. Pile constant at full operating power. 











THERMAL NEUTRON FLUX 


METHOD 
(Men per cm? per sec) 





1. Indium foils, 4 mil, 25 cm?. Comparison of standard pile- 





thermal column activations. 1.09 10° 
2. Gold foils, 4 mil, 1 cm?. Comparison of Argonne thermal 

column-~Oak Ridge thermal column. 1.29109 
3. Cobalt—wire and Co;0, powder measured against known 

standards. 1.31X10° 
4. Accepted value. 1.25109 





Of the three methods, the largest number of measurements was made on 
indium foils. The accepted value represents quite well the data presented in 
the table, and will be used as the flux in all subsequent calculations. 

As explained above, the neutron intensity to which the plants were sub- 
jected can be expressed accurately (+2 percent) in the arbitrary unit of miilli- 
volts (per gram indium activity at saturation). The conversion of this arbitrary 
unit to the absolute units of ne,/cm? sec is subject to some error and possible 
revision, so the method of conversion is given here: 


a flux of 1.25X10°nt,/cm? sec= 89,650 mv/gm satd. activ. of indium foils 
measured at the 10° resistance on the ion chamber, so 
1.25 X 10° 
1 mv (at 10° resist.) = —————— = 1.394 X 104 nu,/cm® sec. 
89,650 mv 
This value has been used in all conversions of millivolts into neutron flux. 

A summary of the physical characteristics of the graphite treatment cham- 
ber is given in table 2. 

From the data in table 2, it can be seen that practically none of the radiation 
received by a specimen in the treatment box is due to fast neutrons; roughly, 
only 1/8 X10‘ of the activity induced by this neutron field is due to neutrons 
with an energy >0.3 electron volts. 

Measurement of the inherent gamma-ray contamination inside the facility 
has been one of the difficult problems of this experiment, since any device put 
into the bismuth enclosure to measure gamma radiation itself captures neu- 
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trons and may emit its own gamma rays. Two different methods of estimating 
the gamma-ray contamination have been tried. 

1) Using data on the neutron flux and the gamma-ray intensity at the top 
of the thermal column, the expected gamma-ray intensity at the position 
of the bismuth safe would be in the ratio of the fluxes. The attenuation 
of this gamma-ray intensity in going through the 7.94-cm walls of the 
bismuth safe has been calculated using the absorption coefficient 


TABLE 2 


Physical characteristics of the “slope” of the graphite treatment box. Pile constant at full power. 


CHARACTERISTIC VALUE SOURCE 
1. Temperature room temp. by air circulation drawn from out- 
side into the pile 
2. Size of box, inside dimensions 17.5X7.5X7.5 (cm) figure 2 
3. Neutron flux 1.25109 table 1 
Nyn/cm? per sec 
4. Fast neutron contamination insignificant cadmium ratio* of indium foils 
8.3104, av. of 3 meas. 
5. Inherent gamma-ray contamination ~6 r/min see text, and table 9 
6. Relative flux at different positions see figure 2 simultaneous activation of 0.1 
in box cm? indium foils placed at the 
different positions 
7. Flux at different positions on the uniform (same as 6. above) 
“slope” 


* cadmium ratio is the ratio of the activities induced in a bare indium foil and in a cadmium 
covered indium foil, and is roughly equal to: 


total activity due to neutrons of all energies slow + fast neutrons 


activity due to neutrons of > 0.3 ev only = fast neutrons _ 
(r+o.+K but not including os) for lead corrected for the ratio of 
bismuth/lead density. The calculation using the values described shows 
that with the pile operating at full power, the inherent gamma-ray con- 
tamination inside the bismuth safe is ~6 r/minute. 

2) The second method‘ was to expose in the safe a Victoreen chamber en- 
closed in a boron’ coated aluminum can; the boron transmitted the in- 
herent gamma rays but absorbed nearly all the neutrons, emitting its 
own 0.38 mev capture gamma rays as a result. The attenuation of gamma 
ray intensity caused by interposing increasing thicknesses of lead between 
the Victoreen chamber and the boron gave a compound absorption curve; 
the extrapolation of the energetic gamma ray curve to the zero ordinate 
showed the inherent gamma ray level to be ~5 r/minute. 

These two estimates of the inherent gamma-ray contamination in the treat- 
ment position with the pile operating at full power indicate that it is about 
6r/minute or 5 r/minute. The value of 6 r/minute will be accepted as the 
proper one though it is felt that this is a maximum value and the true value is 
probably somewhat lower. 


‘This method was developed and the measurements made by G. E. STAPLETON of this 
laboratory. 
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BIOLOGICAL METHODS AND MEASUREMENTS 


Inflorescences of a clonal line (Sax no. 5) of Tradescantia paludosa Anderson 
and Woodson were used for all experiments. The plants had been grown in pots 
for about a year before use. Inflorescences were picked the morning of use, 
stripped of leaves and bracts and made up into groups of about 12 inflore- 
scences arranged flat so there was no overlap of the buds and held together 
with a 3-4 mm-wide strip of scotch tape near the butt end of the stems. Each 
group of inflorescences was carefully positioned so that the buds were lined 
up on the center of the slope of the treatment box. A 0.1 cm? indium foil was 
placed on the slope of the box about 0.5—-1 cm away from the buds. The flux 
at different positions on the slope had been checked previously and found to be 
uniform so that all inflorescences received the same dose of thermal neutrons. 
The treatment box containing the inflorescences and the foil was run into the 
thermal column for varying lengths of time and the amount of neutron radia- 
tion received determined from the measured activity of the simultaneously 
exposed indium foil. 

“Aceto-carmine smears were made of the anthers of the treated inflorescences 
22-24 hours and four days after radiation and the frequency of the various 
types of chromatid and chromosome aberrations scored from the temporary 
slides. Slides were scored under code numbers to prevent bias in scoring. All 
scoring of aberrations in these experiments was done by one person to eliminate 
further any bias or difference there may have been in method of scoring. The 
terminology of aberration types is that of Sax (1940) for chromosome aberra- 
tions and of CATCHESIDE, LEA and THopay (1946) for chromatid aberrations. 


RESULTS 


The first series of experiments, numbers 9, 10 and 11, were made to analyze 
the frequency of chromosome aberrations observed four days after irradiation. 
The data from these three experiments are presented in table 3. Neutron in- 
tensity and neutron dose are given in both arbitrary units (mv) and absolute 
units (ny,/cm?) as described previously using the conversion factor given. 
Aberrations are as described above. 

The data of table 3 are presented graphically in figure 3 following the sub- 
sequent tables. A consideration of these and the subsequent biological results 
will be made in the discussion. 

The time required to produce an appreciable number of chromosomal aber- 
rations proved to be quite long—up to 28 minutes for the longest exposure— 
and the chromosomal aberrations were therefore being produced at a rather 
low rate. It has been shown in this material (SAx and Swanson 1941) that the 
yield of aberrations from cells irradiated in prophase (and which will be in 
metaphase of division about 22—24 hours later) is three to three and a half 
times as great as the yield from cells radiated in the resting stage (which will 
be in metaphase four to five days later). Accordingly, two experiments (num- 
bers 12 and 13) were made for the analysis of the 22—24-hour chromatid 
aberrations, the longest exposure requiring only eight minutes; the 22—24-hour 
chromatid aberrations were therefore being produced at a much higher rate 
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than the four-day chromosome aberrations. The data from experiments 12 and 
13 are given in table 4, and these results are presented graphically in figure 4. 

An X-ray experiment was made to compare with the results of aberration 
analysis from thermal neutron experiments 12 and 13. Since it was desired 





X-RAY DOSE-R 


ABERRATIONS PER CELL 
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THERMAL NEUTRON DOSE 
THERMAL NEUTRONS /cm* x 10" 


Ficure 3. Yield of four-day chromosome aberrations from thermal neutron radiation. 
Data in table 3. 
Thermal neutrons 
——-- X-rays 
@ chromosome exchanges=dicentrics+centric rings+-2(tricentrics) 
O chromosome deletions=terminal+large and small isodiametrics 
X fraction of normal cells=no aberrations 
Lines drawn are the least squares fit to the data. 
Curves for the chromosome exchanges and fractions of normal cells resulting from X-radiation 
(average 50 r/min) are superimposed for comparison. 
X-ray curves were made from data taken from: Sax. K. 1948, Oak Ridge Information Meetings; 
MaRINELLI, NEBEL ef al., 1942. Amer. J. Bot. 29: 866-874; Gites, N. H., Jr. and H. P. Ritey, 
1949. Proc. Nat. Acad. Sci. 35: 640-646. 





that the thermal neutron and X-ray exposures be given at approximately the 
same intensity, X-rays were given at a rate calculated to produce the same 
number of aberrations in the same exposure time. X-rays were given at 250 kv 
peak, 15 ma with inherent filtration equivalent to 3 mm Al and added filters 
1/2 mm Cu and 1 mm Al. Dose was measured with a Victoreen chamber 
calibrated sometime previously by the Bureau of Standards. Measurements 
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were made before, during and after each treatment of inflorescences. Absolute 
exposures may be in error by +five percent, relative exposures are more ac- 
curate. The data of the X-ray experiment, X-14 are given in table 5, these 
results graphically in figure 5. 


DISCUSSION 


Before we can discuss the results just presented, we must consider the radia- 
tions to which the material has been exposed. The ionization produced in the 
Tradescantia tissue in the present experimental device can be analyzed into 
the following components: 

1) Contamination: 

a) fast neutron contamination 
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b) inherent gamma-ray contamination 
2) From thermal neutron capture reactions in the inflorescences: 
a) from immediate “capture” radiations, of which the most important 
are due to: 
1) hydrogen 
2) nitrogen 
3) boron 
») from subsequent radioactive decay from the radioactive isotopes 
formed. 
These components of the ionization dose will be considered in order. The 
levels of inherent fast neutron contamination (zero) and gamma-ray con- 
tamination (about 6 r/minute, max.) have been indicated already in table 2. 
Let us consider the kinds and amounts of ionizing radiations produced by 
thermal neutron capture reactions. Since these reactions are ones of capture 
by the atoms of the elements present in the tissue, the kinds of ionizing radia- 
tions emitted will depend on the emission reactions of the elements, which are 
known; the amount emitted by any element, and the amount absorbed in the 
tissue will depend on the values of the following characteristics: 
Ionization energy per unit volume of tissue per unit time= 


FXNXoXEXA (1) 
where: 
1) F=thermal neutron flux=number of neutrons crossing a square centi- 
meter per second, which is the same for all elements. 
=n¢n/cm? sec 
2) N=the number of atoms of an element per unit volume of tissue 


% of wt.X0.602 X 10% 
= =atoms/cc. Density = 1 
100 Xat. wt. 





3) o=capture cross section of an element for thermal neutrons, which is the 
area in cm? that a single nucleus of an element presents to a beam 
of incident neutrons. 

= value in “barns” X10-* cm? 

4) E=energy of the radiation(s) emitted by the element after a neutron is 

captured. 
= mev (million electron volts) 

5) A=the fraction of this energy E emitted per reaction which is absorbed 
in the tissue; this depends on the type of radiation (a, 8, or y), its 
absorption coefficient in the tissue, and the thickness of tissue to be 
traversed. 

=1—e“6 where: 
p=abs. coeff. in cm for the radiation in tissue 
t= thickness of tissue, cm 
=.16 cm, radius of the whorl of six anthers 
G=geometry correction for radiations losing only a small fraction 
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of their energy in the tissue; it decreases the thickness of tissue 
traversed by the factor 0.75, as will be explained later. 
Expressing all the values of equation (1) in the proper units and using the 
proper conversion values of mev into roentgen-equivalent-physical (rep), a 
good estimate of the amount of ionization produced in a given volume of tissue 
by any element for a given flux of thermal neutrons will be: 
(F X 60)No(E X 105)A 


rep per minute = 2 
ve 5.22 X 10* (2) 





where 1 r=83 ergs/gm tissue 


1e.v. = 1.59 X 107" ergs 
hence 
83 


r= ——— = 5.22 X 10" ev. 
1.59 & 10-!2 


Calculations of the rep/minute due to each of the elements present in the 
Tradescantia tissue have been made using equation (2); the results are given 


TABLE 6 


rep/minute of tonization absorbed in Tradescantia tissue due to capture reactions of each of the 
elements present. Constant flux of 1.25X 10° nin/cm? per sec. Discussion in text; see Equation (2). 











E 
: c CAPTURE RADIA- , 
PERCENT* . CAPTURE TION EMITTED Sere: Soe apron 
ELE- ATOMIC NO. OF ATOMS OF ENERGY ABSORBED OF TOTAL 
OF WET CROSS AND ENERGY be 
MENT WEIGHT PER Cc. ABSORBED IN TISSUE REP/MIN. 
WEIGHT 107" SECTION -——— IN TISSUE 
10% cm? TYPE ENERGY 
(mev) 
H 1.008 10.5 062,6 0.32 7 2.23 .003,1 0.194 16.0 
B 10.82 -000,287 .000,000,16 715 att 2.40 1.0 394 32.3 
Cc 12.01 6.45 .003 , 23 004,5° 5.0 002 ,6 .000, 28 02 
N 14.008 997 004,29 1.7 pt 0.6 1.0 .628 51.5 
oO 16.00 81.3 .030,6 <.001 y >2 003,1 .000, 27 02 
Na 22.997 . 100 000 ,026 45 ¥ >1 003,9 000,07 005 
Mg 24.32 040 000 ,009 , 9 3 y >1 .003,9 -000,017 001 
P 30.98 127 000 ,024,7 23 y >1 003,9 000, 32 .03 
s 32.06 .066 .000 ,012,4 .4 y >1 .003,9 .000 ,028 .002 
cl 35.457 .032 .000,005,44 40. ¥ >2.8 003 ,2 .000, 28 02 
K 39.096 .35 000 ,053,9 2.5 ¥ >1 003,9  .000,75 06 
’ Y 


Ca 40.08 01 -001,001,5 5 >1 .003,9 .000 ,004 .000,3 





* Chemical analysis: H, C, N, O, P, S, Cl 
Spectrographic analysis B=2.87+ .06 ppm. 
Lea, ’47, page 7, Na, Mg, Ca, K 


in table 6. Table 6 shows that hydrogen, nitrogen, and boron reactions account 
for 99 percent of all the ionization produced in the tissue by neutron capture, 
and that the ionization produced by all the other elements combined is in- 
significant. 

The chemical composition of the tissue was determined from anther samples 
taken from the same plants and from buds at about the same stage as those 
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irradiated. The major elements were analyzed for chemically® from a sample 
of ~1,200 anthers. A second sample (~2,200 anthers) was analyzed spectro- 
graphically for the minor elements, since some of these might be important in 
capture reactions because of their extremely high cross sections; examples are 
cadmium, gadolinium, etc. The spectrographic analysis, shown in table 7, 
demonstrated that all the minor elements, except boron, could be ignored in 
these considerations. 

Capture cross sections are from Way and HaInEs (1948) and are the most 
recent and best values. 

TABLE 7 


Spectrographic analysis of Tradescantia anther ash. 2.2-gm sample, ~2,200 anthers. 
(For chemical analysis, see table 6.) 


ANALYSIS ELEMENTS 
Very strong Ca 
Strong Mg 
Moderate Al, Fe,  e Mn, P 
Weak Cr, Na, Si 
Very weak Cu 
Trace Ni 
Faint trace B(2.87+.06 p.p.m. wet wt.) Mo, Pb, Sn, Ti? 
Very faint trace Ag 
Sought, not found As, Au, Ba, Bi, Cd, Co, Dy, Er, Eu, Gd, Ge, Hf, Ho, In, Ir, La, Li, Lu, 


Nd, Pr, Pt, Rb, Re, Rh, Ru, Sb, Sc, Sm, Sr, Tb, Tm, V, Y, Yb, Zr 


The values for the radiation emitted and its energy are taken from various 
sources in the literature. The radiations in table 6 are only the “capture” emis- 
sions from the compound nucleus, and are emitted almost instantaneously 
after capture; the radiations emitted subsequently by whatever radioactive 
daughter elements that may be formed are not considered. 

The fraction of the energy emitted which is absorbed in the tissue is im- 
portant only in the case of gamma-ray emission, since the paths of the 0.63- 
mev nitrogen proton and the 2.4-mev boron alpha particle are so short in tissue 
(~10u for the proton and ~13.5y for the alpha particle) that all the energy of 
these particles will be absorbed as ionization produced within the tissue. Only 
a very small fraction of the gamma rays’ energy will be expended in producing 
ionization within the tissue however, and this fraction can be estimated as 
has been shown. 

A geometry correction (0.75) of the loss of gamma-ray energy is necessary 
because the gamma rays can originate anywhere on a radius of the whorl of 
anthers in the bud but will have a biological effect only by the ionization 
produced within the anthers. An integration of the distribution of reactions 


shows that the average gamma ray will traverse 0.75 times the radius of the 
whorl of anthers. 


5 The quantitative analysis was made by the OAKwoLp LABORATORIES, Alexandria, Virginia. 
6 The spectrographic analysis was made by Cyrus FELDMAN of this laboratory. 
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The last source of ionization within the tissue, that due to the induced 
radioactivity from neutron capture, is still to be considered. Hydrogen and 
boron, which account for most of the capture processes in tissue, have no 
subsequent radioactivity and can be ignored. Considering all the elements 
present in the tissue and using the values for percent of wet weight and the 
cross sections, it was calculated that of all the capture reactions that occurred 
in the tissue, hydrogen accounted for 72 percent, nitrogen for 26 percent, 
chlorine for 0.8 percent, boron for 0.4 percent and potassium for about 0.5 
percent; no other element accounted for as much as 0.1 percent. It can be 
shown from the data in table 6 and from other considerations of half life and 
types of radiations emitted that the only element which could contribute 
appreciably to the total ionization dose absorbed by reason of its radioactive 
decay is chlorine**. Chlorine** decay is as follows: 


B- 4.9 mev (53%), 2.8 mev (11%), 1.2 mev (36%) 
y 1.60 mev, 2.15 mev. 


and the total amount of absorbed ionization due to chlorine decay can be 
estimated as has been done previously for the other elements. The greatest un- 
certainty exists in the estimate of the fraction of the beta ray energy absorbed, 
in which conditions of geometry, chlorine distribution and other factors can 
lead to considerable differences in the result. Using two different methods of 


TABLE 8 


Com ponents of the ionization dose absorbed in 1 gram (1 cc) of Tradescantia tissue, at constant flux of 
1.25 X10° nwn/cm? sec. Data from previous tables and calculation. 














rep PER PERCENT PERCENT 


























SOURCE OF TYPE OF , 
rep/MiIn. 1X10" oF TOTAL OF CAP- 
COMPONENT RADIATION 
Nen/cm? rep TURE rep 
(1) Fast neutron 
contamination p* recoil negligible negligible _— — 
(2) Inherent gamma-ray 
contamination ¥ 6.0rmax. 8.0 82 — 
Capture processes 
(3) H capture v 0.195 .260 y a 15 
(4) N capture pt .628 .837 8.6 48 
(5) B capture att .394 .525 5.4 29 
(6) Induced radioactivity ~.100 133 1.4 io 
(from CI’) By Y (.52 max) (.69 max) 
Subtotals: 
all capture: 
H+N+B+Cl ytpttat++p-+y on 1.75 18.0 _ 
from N+B only pt+at+ — 1.36 14 78 
Total: 


y contam.+capture % tytpttet*+p4+y — 9.75 
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estimate, the limits of the total ionization absorbed from chlorine** decay 
(8-+7) is ~0.10 rep/minute, but could extend up to a maximum of 0.52 
rep/minute. To check on the induced radioactivity, a sample of buds was 
counted for four hours after removal from a 30 minute exposure and found to 
decay with a 37 minute half life, corresponding to the decay of chlorine**. The 
C* 0.15 mev beta ray could not be detected by the method used, but at 
worst could amount to only 0.003 rep in two days, an insignificant amount. 
We conclude that the contribution to the ionization dose from radioactive 
decay is small and is almost entirely due to the decay of chlorine*®. 

Using all the data which have been presented previously, it is now possible 
to express the sources and amounts of the ionization energy which are ex- 
pended in the Tradescantia tissue; this is done in table 8. The unit of dose is 
1X10"n,/cm? as this is the unit dose in the biological experiments. It is seen 
that the gamma ray contamination makes up a large share of the rep absorbed; 
these are physical values, however, and do not involve the relative biological 
efficiencies of the various types of radiations, which will be considered later. 

Thermal neutron and X-ray biological equivalence and efficiencies: The data 
ziven in the section on biological results are a quantitative measure of the 
identical response produced by thermal] neutrons and X-rays. All possible care 
was exercised to be sure that the only difference between the X-ray and 
thermal neutron experiments was the radiation itself. Therefore, the dose of 
radiation, X-ray and thermal neutron, required to produce the same amount 
of effect is a measure of the biological equivalence of thermal neutrons to 
X-rays. This neutron/X-ray comparison has been made for three classes of 
aberrations: isochromatid deletions, chromatid plus isochromatid deletions, 
and fraction of normal cells; the equivalence based on isochromatid deletions 
is probably the most accurate one, since these aberrations can be observed 
more accurately than the other types. These “one-hit” aberrations can be 
compared because it has been repeatedly demonstrated (LEA 1947; KotvaL 
and Gray 1947) that they vary linearly with dose for all radiations, X, gamma, 
and heavy particles (the same is not true for the exchange or “two-hit” aberra- 
tions). 

A correction must be made in the thermal neutron experiments for the fact 
that a certain proportion of the ionization dose is due to the inherent gamma- 
ray contamination of the facility and is not due to thermal neutrons at all 
(table 8); the same correction applies to the amount of biological effect ob- 
served, which is due to thermal neutrons plus inherent gamma-ray contamina- 
tion (figs. 3 and 4). The correction has been made by subtracting from the 
total effect due to neutrons plus gamma rays, the amount of effect due to that 
dose of gamma rays (8r) associated with a unit dose of thermal neutrons 
(1 10"/cm?*), as follows: 


En alone = (En+y) is E, 
where: 
E, = effect due to dose D, of neutrons 
E,=effect due to dose D, of gamma rays associated with D, of neutrons 
En4,= effect due to D,+D,. 
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Such a correction for gamma rays is possible because it has been shown that 
unit doses of X- and gamma rays produce almost the same amount of these 
aberrations (KotvaL, in LEA 1947, p. 239). 

The equivalence of thermal neutrons to X-rays has been obtained by com- 
paring the corrected thermal neutron effect with the X-ray effect for the 
same aberrations. The results of these comparisons are given in table 9. 

If we assume the standard value for daily tolerance dosage, 0.1 r of X-rays 
per eight-hour day, to be that amount of any radiation producing an effect 
equal to this dose of X-rays, then the “tolerance dose” of thermal neutrons 
based on this biological effect is as shown in table 9. 

We can in addition obtain an efficiency of thermal neutrons and X-rays 
in producing this biological effect by comparing the X-ray equivalent effect 
with the calculated amount of rep generated by a unit dose of thermal neu- 
trons. This comparison has been made in the last two columns of table 9. 

The observed biological efficiencies could be explained solely by errors in- 
volved in the estimate of the ionization dose absorbed in the tissue. This pos- 
sibility has been considered but it is believed that the observed efficiency 
(~11/1) is too great to be accounted for by such errors, for the following 
reasons: the gamma ray contamination would have to be two and one-half 
times as great as estimated, the rep generated by thermal neutron capture 
six and one-half times as great, and the rep due to radioactive decay 80 times 
as great. Errors in the estimate of dose undoubtedly exist, but it is very un- 
likely that the estimated dose is wrong by two and one-half to six and one-half 
times, and therefore the efficiency observed is to be explained by other rea- 
sons, which will now be considered. 

The comparison made in the last two columns of table 9 assumes that the 
inherent gamma-ray contamination has the same effect per unit dose as 
X-rays; further, the same is probably true for the hydrogen gamma rays and 
the chlorine** beta and gamma rays, since they occur at random in the cells. 
This leaves us with the nitrogen protons and the boron alpha particles to 
consider, and apparently the combined p++ a** radiation has an efficiency to 
X-rays per unit of ionization of about 15/1 (last column, table 9). There are 
two lines of reasoning for believing that the protons plus alpha rays must 
indeed have this high efficiency in producing chromosomal aberrations. The 
first is the comparison of the amount of X-ray equivalent effect produced 
by a given dose of thermal neutrons with the calculated number of rep pro- 
duced by the same dose. The second is based on the well established fact 
that the yield of the exchange or “two-hit” aberrations varies as a power 
(greater than 1) of the dose for X- and gamma rays, but linearly with dose 
for protons and alpha rays. If, indeed, the major part of the effect in this ex- 
periment is due to gamma radiation, which comprises 85 percent of all the 
ionization received by the tissue (table 8), we would expect that this pre- 
ponderance of gamma radiation would be reflected in the exchange or “two- 
hit” aberration curve increasing more rapidly than the first power of the dose. 
On the contrary, it can be seen in the two thermal neutron graphs (figs. 3 and 
4) that the frequencies of the chromosome and chromatid exchanges increase 
linearly with dose, but as the 1.5 power of the dose for the comparable X-ray 
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exposure (figure 5). Apparently the major part of the effect is produced 
by a radiation of heavy particles, as is concluded from the physical calcula- 
tions. 

The combined efficiency of the nitrogen protons and boron alpha rays must 
be about 15 times as great as X-radiation for the neutron dose to produce an 
effect equal to the observed X-ray equivalent dose. Korvar and Gray (1948) 
have determined the efficiency of protons (from fast neutron recoils) and radon 
alpha particles to hard X-rays in producing the same aberrations in Trades- 
cantia as are analyzed here. A comparison of the efficiency from external 
sources with their efficiency when originating internally from neutron capture 
shows: 








EFFICIENCY TO X RAYS IN PRODUCING: 





RADIATION 
ISOCHROMATID CHROMATID 


DELETIONS PLUS ISOCD. 








1) From external sources: 














protons S.3/t 2.6/1 
alpha particles 7.8/1 4.1/1 
expected from a beam of 62% p+38% a 5.2/1 3.2/1 

2) Observed from thermal neutron beam of 62% p+38% a 14/1 11/1 








3) Ratio: obs/expect. 2.4/4 3.4/1 


and it is clear that alpha particles and protons are more efficient when origi- 
nating internally than when they come from external sources.’ 

This large and unexpected biological efficiency of protons and alpha rays 
resulting from thermal neutron capture, when compared with the efficiency 
of protons and alpha rays from external sources, suggests that there may be 
something which has been previously unconsidered or some difference between 
a biological reaction when the radiation enters the cell from without, and when 
it originates within the cell. Several mechanisms suggest themselves to ac- 
count for this difference. It may be that the internal radiations cause chromo- 
some breakage by indirect, in addition to direct, methods; this seems unlikely, 
however, since once emitted the particles behave the same as those coming 
from outside the cell. There is, however, one apparently important difference 
between particles coming from without the cell and those originating inter- 
nally from thermal neutron capture. Particles coming from external sources 


7 The energies of the protons being compared are roughly about the same, 0.6 mev from ni- 
trogen captures, and a spectrum of proton energies from the Li-D neutrons with 50 percent of 
the protons in the 0-1 mev range, 19 percent 1-2 mev 12 percent 2-3 mev, 4 percent 3-4 mev, 
etc. The @ energies are quite different, 2.40 mev from boron captures, 5.49 from radon. The ion 
densities in tissue are about 2/1 (~2,500 ions/z for boron a’s, ~1,200 ions/» for radon a’s), but 
in any case both of these a’s have ion densities far in excess of the value generally accepted, ~200 
ions/u, as the density necessary for the probability of chromosomal break to approach unity. 
The observed p* and a** efficiencies are therefore probably not to be explained by these energy 
differences. 
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are distributed at random in the cell, but the particles originating from neu- 
tron capture are distributed as are the nitrogen and boron. Now, the frequency 
of chromosome breaks is dependent on the ratio of the target volume (the 
chromosomes) to the number of particles traversing the area; and if the con- 
centration of nitrogen and boron per unit volume is greater in the nucleus 
and the chromosomes than the rest of the cell then the particles are not 
distributed at random and the number of “hits” on the chromosomes would 
be greater per unit dose than from randomly distributed protons and alpha 
particles. No definite data are available regarding the intracellular distribution 
of nitrogen, but apparently it is not unusually concentrated in the nucleus 
as a whole in rat liver cells (SCHNEIDER 1948) though it may be concentrated 
somewhat in the chromosomes. It seems likely that the boron may in fact 
be considerably more concentrated in the nucleus and chromosomes than in 
the cytoplasm, as observations of microincinerated resting stage cells have 
shown the bulk of the inorganic salts is concentrated in the nucleus with only 
small amounts thinly and evenly distributed in the cytoplasm (HoRNING 
1941). The constituents of these nuclear ashes have not been completely ana- 
lyzed, but it seems reasonable that boron may be among them and is therefore 
more concentrated in the nucleus. Since the range of these 2.4 mev boron alpha 
particles is only 13 microns in tissue, and the diameter of the nucleus at the 
time these cells are exposed to radiation is about 12 microns,’ there would be 
more particulate ionization in the nucleus than the rest of the cell. In addition, 
if a nitrogen or boron capture reaction occurs in a chromosome, the probability 
that either the particle or its recoil atom will traverse the chromosome and 
cause a break can be expected to be unity. 

There exist two other likely explanations for the greater efficiency of internal 
to external originating protons and alpha particles, which are the recoil of 
the emitting atoms, and the transmutation of the emitting atoms. Let us 
consider the effect of the recoil atoms from the nitrogen and boron reactions. 
For both of these, the total energy of the reaction is divided between the par- 
ticle and the emitting atom, so that the atom itself has energy and will recoil 
as is diagrammed below: 








an ~ \ 
‘ / \ 
Recoil i w'S + 
———_—_— — 
0.042, «(NL we; 0.59 mev Soton 
mev ~— 
’ a 
/ 
Recoil ( g!! } Pa ++ 
_—_——" 7 
0.38 \ / 2.02 mev , 
mev — alpha particle 


8 Measurements have been made of the dimensions of the microspores used for these experi- 
ments. Cells have been selected which were at about the stage of development at which cells would 
be at the time of radiation—i.e., about four days before metaphase. About 100 cells were measured, 
from five different buds. Dimensions are as below (in microns): 

Cells, outside dimensions: 32.1 long, 21.2 wide. Nucleus: 11.6 diam. Chromosomes (six, hap- 
loid): diam. 0.1, length 490. Chromosome dimensions are from Sax and Sax (1935). 
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Little is known about the range of these heavy recoil atoms, but certainly 
the energy is sufficient to break chemical bonds, and very likely is enough 
to break chromosomes. There is a likelihood that the dense ionization of the 
recoil atoms may increase chromosome aberration yield by injuring broken 
ends excessively so that the usual X-ray or neutron probability of chromosomal 
restitution is decreased; this seems to be true for alpha particles applied ex- 
ternally (KoTvAL and Gray 1947). 

Returning to the nitrogen and boron reactions given above, we see that 
whenever a capture reaction occurs, not only is a particle emitted and the 
atom recoiled out of position, but a new element is formed in situ, carbon 
from nitrogen and lithium from boron. This may be disastrous, particularly 
in the case of nitrogen which is an integra] part of the protein molecules of the 
chromosome. The transformation of a nitrogen atom in a protein molecule 
into carbon may completely disrupt the molecule and possibly neighboring 
molecules. Almost nothing is known about the incorporation of boron in the 
cell, but it seems less likely that it is an integral part of the molecules of the 
chromosome. 

Of the explanations given above for the differences of efficiency between 
external and internal particulate radiation, probably the most valid ones are 
the increased number of chromosome “hits” per unit dose because in the case 
of boron the emitting atoms are more concentrated in the nucleus and the 
chromosomes than in the cytoplasm; the recoil of the emitting atoms; the 
increase in the probability of a break by a traverse to unity; and the decrease 
of restitution probability by excessive injuring of broken ends by recoil atoms 
or alpha rays. The mere act of transmutation of an element in a chromosome 
seems to be an unlikely cause of chromosome breakage, though it may well 
account for gene mutation. 

The daily “tolerance dose” and “tolerance flux” given in table 9 is under- 
stood to apply only to the production of this specific effect, chromosome 
aberrations, in a specific organism, Tradescantia. The temptation exists to 
apply the tolerance dose so derived to mammals and particularly to man but 
the physical and biological differences of the two cases make caution neces- 
sary in such a comparison. However, this study does demonstrate that there 
are several important factors which have not been considered in previous 
calcuiations of the tolerance dose and flux of thermal neutrons.® The first is 
the considerable contribution to the dose made by boron, which in this case 
is 29 percent of the total ionization dose due to capture alone. The second is 
that particulate radiation originating internally by neutron capture has an 
unusually high and unexpected efficiency in causing this. biological damage, 
and is about three to three and a half times as damaging as the same dose of 
particulate radiation applied from without the cell. 


® The apparent agreement between the tolerance flux of thermal neutrons derived from these 
experiments on Tradescantia and from the theoretical calculations of a tolerance flux for man de- 
rived by MircHEtt (1947) (tolerance flux Mitchell 1.24 10‘ny,/cm? sec; this experiment = 1.74 
X10‘) is purely fortuitous. The theoretical considerations of physical characteristics made by 
MitcHELt differ from the situation in the present experiment by numerous features. 
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SUMMARY 


The cytogenetic effect of thermal neutrons from a special facility in the 
thermal column of the Oak Ridge nuclear reactor has been investigated. The 
production of chromosomal aberrations, both chromatid and chromosome 
types, in Tradescantia microspores has been compared with the production 
of the same aberrations by X-rays. Calculations of the number of roentgen 
equivalent physical absorbed from thermal neutron capture in tissue indicate 
that three elements, hydrogen, nitrogen and boron are responsible for about 
99 percent of the ionization dose produced by neutron capture, and that about 
77 percent of this dose is due to the protons and alpha rays from nitrogen and 
boron capture reactions. These conclusions are substantiated biologically by 
the observed linear increase of exchange aberrations with dose, which is 
characteristic of particulate radiation (with electromagnetic radiation, ex- 
change aberrations increase as a power of the dose). 

An equivalence of thermal neutrons/X-rays has been derived by comparing 
the production of chromosomal aberrations by the two radiations. The best 
value seems to be ~5X10° thermal neutrons per cm?=1 r of X-rays in bio- 
logical effect; this would make the eight-hour tolerance dose (the same amount 
of effect as 0.1 r of X-rays) as based on this effect ~5 X10* thermal neutrons 
per cm’. 

A comparison of the X-ray equivalent effect produced by unit dose of 
thermal neutrons with the calculated number of roentgen equivalent physical 
generated by the same dose shows that thermal neutrons are about eleven 
times as efficient as X-rays per unit dose in producing this biological effect. 
If only the nitrogen protons and boron alpha rays from thermal neutron cap- 
ture are considered, their efficiency compared with X-rays seems to be about 
15/1. These biological efficiencies are about three to four times as great as 
have been observed when the same types of radiations were delivered from 
external sources. It is believed that this difference in the effectiveness of pro- 
tons and alpha rays when they are administered to a tissue from an external 
source and these same radiations when they originate from the atoms of the 
tissue itself is not due to any difference in the effect of the protons and alpha 
rays themselves, but is due to a difference in their place and manner of origin. 
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HE literature on heterosis and the reduction of vigor after inbreeding 

has been reviewed recently from all angles by several authors (SPRAGUE 
1946, RicHEY 1946, WHALEY 1944) and thus it is not necessary to enter into a 
detailed discussion, especially since I shall deal exclusively with the genetical 
aspect of the problem. 

Up to now the phenomenon of heterosis in corn has been explained mainly 
by one of two alternatives: the hypothesis of dominance and that of heterozy- 
gosis. But in spite of continued discussion extending over a period of almost 
forty years, no conclusive evidence has been presented in favor of one or the 
other of these mendelian hypotheses. 

The dominance hypothesis, first proposed apparently by Bruce (1910)? 
and by KEEBLE and PELLEW (1910), postulates that the increase of vigor 
after crossing results from the combination of different dominant alleles, con- 
tributed by each parent. On the other hand, inbreeding again produces homo- 
zygosis for recessive alleles, causing a loss of vigor. 

The heterozygosis theory, first formulated by SHutt (1911a, b,) and East 
and Hayes (1912) in rather vague physiological language, has been put in 
terms of modern genetic terminology by East (1936). According to this con- 
cept different alleles, when combined in heterozygotes, exert a complementary 
physiological action, resulting in an increased vigor limited to such hetero- 
zygotes. HuLt’s (1945, 1946, 1948) concept of overdominance seems, from the 
theoretical point of view, to be essentially the same as that of heterotic gene 
interaction. 

As additional hypotheses we might mention other suggestions. BRIEGER 
(1930) pointed out that the nature of the inter-allelic interaction may be of 
the nature of dominant complementary factors. RASMuUSSON (1933) made 
detailed references to the nature of quantitative gene interaction in producing 
heterosis. 


1 The present paper was written at the Division of Genetics, UNIVERSITY OF CALIFORNIA, 
Berkeley, under a special fellowship granted by the RocKEFELLER FOUNDATION. 

2 There has been evidently some doubt about the priority in proposing the dominance hypoth- 
esis, and Ricuey (1945), reproducing Bruce’s original paper, points out that undoubtedly 
priority should be given to him. However, when reading carefully Bruce’s paper, it becomes 
quite evident that he missed the essential point of the dominance hypothesis, namely the covering 
up, in hybrids, of all or most recessive genes by their respective dominant alleles, contributed in 
part by one or by the other parent. The formulae given refer to a hybrid population obtained 
by crossing two parent populations which contain identical genes in different proportions, and it 
is shown that the mean frequency of heterozygotes in the hybrid population is inferior to the com- 
bined mean of the two parent populations. It would however be required that the hybrid popula- 
tion contains less homozygous recessives than either parent population individually, if we want 
to explain heterosis. 


Genetics 35: 420 July 1950. 
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There cannot be any doubt that both of the two main hypotheses furnish 
satisfactory explanations of a large number of the facts. In order to overcome 
certain difficulties, Jones (1917) formulated his hypothesis of linked dominant 
factors, assuming that on the whole, dominant stimulating genes should be 
closely linked with recessive vigor-reducing factors. As a practical matter, 
this hypothesis occupies a somewhat intermediate position between the 
dominance and heterozygosis theories. If linkage between dominant and reces- 
sive genes became so close that practically no crossing over occurred, it would 
be difficult to distinguish experimentally between the linkage and the 
heterozygosis theory. We would be dealing simply with heterozygosis of 
chromosome regions, instead of that of simple genes. If on the other hand, 
linkage were rather weak, the difference between the simple dominance and 
the linkage hypothesis would practically disappear. 

The main arguments mentioned in the literature against the dominance 
hypothesis are the following two: 

a) A segregation of a simple system of dominant vigor producing factors should theoretically 
result in an asymmetrical segregation in the first inbred generation and this is not in accordance 
with the facts observed. Cottins (1921) already pointed out that this asymmetry becomes prac- 
tically obliterated if the number of segregating factor pairs is Jarge and we may also refer to some 
curves given by BriEGER (1930) which were calculated under the assumption that non-allelic in- 
teraction is simply cumulative, omitting the effect of phenotypic variability. With some 20 factor 
pairs in segregation, it would be practically impossible to verify statistically the asymmetrical] 
nature of the distribution. 

b) The second argument seems to me more serious. It is generally assumed under the domi- 
nance hypothesis that individuals exist, completely homozygous dominant for all Joci, but that they 
are so rare that they cannot be discovered. If we start from an individual heterozygote for N loci, 
it is evident that in the nth selfed generation, without selection, there should be only (3)" homozy- 
gous dominant descendants. If we attribute sufficiently high values to n, we can keep the value of 
this frequency so low that the absence of the homozygous dominants may appear fully explained. 
However, we have actually started from a wrong assumption. We should start from a completely 
homozygous dominant individual and ask, whether it is possible that a number of recessive alleles 
may be accumulated during phylogenetic development, sufficient to explain the appearance of 
highly heterozygous individuals and the complete elimination of the original homozygous domi- 
nant type. As I shall explain later in this paper, it seems impossible to obtain this result. 


The main reason for the reluctance to accept the heterozygosis hypothesis 
seems to have been the scarcity of recognized cases of such a type of inter- 
action, while today a considerable number of cases have been described. We 
may Cite in the first place several examples of plants where the flower color in 
monofactorial heterozygotes is more intense than in either parent: Silene 
Armeria, pink X white gives red (CoRRENS 1920), Phlox Drummondi, any cross 
between pink, rose or salmon gives scarlet, any shade of red crossed to blue 
gives purple, etc. (KoBAL unpublished). The F2 segregation gives in these 
cases a simple 1:2:1 ratio. Wricut (1947) described a case in the guinea pig 
where a monofactorial heterozygote had a deeper brown coat color than either 
homozygote. DuNN and Caspari (1945) found that heterozygotes for the 
alleles /° and ¢' are normal, while /°° and /'¢! homozygotes are lethal genotypes. 
KERR (1948) explained the fertility of the queens in Melipona as being due 
to their heterozygosis for two or for three pairs of factors, the number of fac- 








422 F. G. BRIEGER 


tors varying in different species. STERN and his collaborators (1943, 1946, 
1948a, b) described cases in Drosophila melanogaster, where heterozygotes 
in the series of position alleles at the cubitus interuptus locus show a higher 
degree of abnormality in wing venation than either homozygotes or hemizy- 
gotes. 

Several cases are known of monofactorial and even of bifactorial segrega- 
tions where the heterozygotes have a higher survival value than either homo- 
zygotes: barley (GusTaFson 1946, 1947), Antirrhinum (StuBBE and PirSCHLE 
1940), and we may include also here the cases reported by SINGLETON (1943a, 
b) and Jones (1944, 1945) though the latter cases have not been carefully 
analyzed. 

Finally, a number of cases are now known in Drosophila where monofacto- 
rial heterozygotes (L’HERITIER and TEISSIER 1933, 1934, 1937a, b; TEISSIER 
1942, 1944, 1947a, b; Katmus 1945) or heterozygous inversions (Dobzhansky 
1943 to 1947, WricuTt and DoszHaAnsky 1946) have a higher selective value 
than either homozygotes. 

It is only very recently that the question of heterosis has been discussed 
from the point of view of population genetics. Simultaneously Crow and 
BRIEGER presented papers to the Genetics Society of America and the Socie- 
tade Brasileira Biologica in 1947 (CRow 1948, BrrEGER 1948a and b). As we 
shall see later, both the discussions lend support to the heterozygosis hypoth- 
esis. 

The behavior of individual maize plants on crossing or selfing is in general 
agreement with either the dominance or heterozygosis hypothesis. But results 
that I obtained when studying indigenous South American maize which have 
been cultivated for a very long time without the aid of modern genetical 
methods, led me to study the evolutionary origin of heterotic gene systems, 
under the effects of natural or artificial selection. The result of this study was 
a new approach to the heterosis problem, which in turn led to a new breeding 
procedure that has already been used in the production of the new Brazilian 
sweet corn (BRIEGER 1948b). 

The evolutionary or phylogenetic aspect of heterosis seems to have been 
largely overlooked. Cottins (1918) postulating that corn was derived from a 
hybrid between Euchlaena and some wild Andropogoneae, assumed that the 
latter already possessed the heterotic gene system. In considering the extreme 
reduction in vigor following selfing of maize BRrEGER (1944) suggested that 
it might be explained by recessive lethals having become established as 
balanced lethals in an original interspecific hybrid, owing to a mutual incom- 
patability of these genes of either species when homozygous. 

The main object of the present paper is twofold. First, to determine the 
method by which a genic system responsible for heterosis could arise by normal 
evolutionary processes, and secondly, to decide whether or not the reduction 
of vigor following inbreeding is in accord with known principles of population 
genetics. 

DEFINITION OF THE TERM HETEROSIS 


Before entering into a more detailed discussion it is necessary to define 
“heterosis.” When SHULL introduced it in a lecture given in 1914, but pub- 
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lished for the first time in 1922, his intention was to follow JOHANNSEN’S 
method when the latter defined the gene, that is: to propose a term for the 
phenomenon of hybrid vigor free from any previous theoretical concept 
(1948). 

To begin with, we may state that heterosis is generally considered to 
be present when the mean of any character or characters in a hybrid exceeds 
the mean of its descendants obtained by any system of close inbreeding. 

From a purely formal point of view, we may expect that the transgression 
of the mean of heterozygotes, beyond the range of the means of homozygotes, 
may be in either direction, that is, in what we may call a positive or negative 
direction. But at least for the time being it seems to me unnecessary to dis- 
tinguish between positive and negative heterosis. From a biological point of 
view, it is immaterial where we locate the zero point and which direction we 
choose to call positive or negative. The cases reported by STERN and his col- 
laborators (1943, 1946, 1948a, b) may be considered examples of negative 
heterosis since heterozygotes are less normal or, if we prefer to say, more 
abnormal than the homozygotes. In selecting for height of plants in maize, 
we may take our measurements of height with the zero point at the basis of 
the plant or with the zero point at a value which corresponds to the mean 
height of the plant. If we want to obtain smaller plants, as is frequently the 
case in South American varieties, we may indicate deviations in the undesirable 
direction, that is, an actual increase of height, by a negative sign, while 
decrease in height in the desired direction would be considered as a positive 
result and thus characterized by a positive sign. 

In order to avoid the impression that there are two fundamentally different 
kinds of heterosis, a positive and a negative one, one should select the scale 
of measurements in such a way that the transgression of the mean of hetero- 
zygotes appears positive. However, a blind application of this principle may 
lead to absurd conclusions, for instance, the increased vigor of many inter- 
specific hybrids may be justly considered as positive heterosis, but a reduction 
of vigor or fertility which also occurs in interspecific crosses quite frequently 
is an entirely different problem and cannot be considered as “negative hetero- 
sis.” 

There are some additional considerations which we have to make: 

A) Heterosis must refer to the comparison between characters of hybrids 
and their descendants, obtained through inbreeding. 

Since the phenotype of hybrids depends largely upon the complicated in- 
teraction between alleles at the same or at different loci, the presence of 
heterotic gene action in hybrids may frequently become quite obscure. If 
we cross two inbred lines of different varieties, the effect of heterosis may 
become much more pronounced than the result of gene interaction in general, 
but if instead, we use two hybrids between inbred lines of either variety for 
obtaining the varietal hybrid, then frequently, the latter will be no more 
vigorous than its parents, which were themselves hybrids. In other words, 
the mean values for quantitative characters of an intervarietal hybrid may not 
be superior to the means of the corresponding intravarietal hybrids, but they 
will show the presence of heterosis when compared with the means of inbred 
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lines. It is thus evident that the comparison between hybrids and their parents 
will not always yield a reliable criterion on which to base a definition of hetero- 
sis. 

If, however, we compare hybrids with their offspring a reduction in vigor 
will always be observed whenever the hybrids were heterotic.. This reduction 
in vigor is generally quite pronounced in the first inbred generation of intra- 
varietal crosses. In intervarietal crosses, ordinary mendelian segregation for 
quantitative differences may obscure the reduction in vigor in the first or the 
first two generations, but it will always appear in subsequent generations. 

Thus we may formulate the following definition: Heterosis is characterized 
by an increase of the mean value for quantitative character differences, when 
comparing hybrid means with those of their offspring obtained by selfing 
or any other method resulting in close inbreeding. Heterosis may also cause 
an increase of means of hybrids over their parents. The main and most im- 
portant feature of heterosis is the impossibility of maintaining hybrid vigor in 
the offspring obtained by any kind of inbreeding. 

B) Heterosis does not affect the individuals as a whole, but the expression 
of each character, as a rule, independently of that of other characters. Thus 
it is not correct to expect a plant on the whole to be heterotic. 

Heterosis in maize affects mainly the following characters: plant height, 
position of the ear, size of leaves, intensity of chlorophyll formation, size and 
strength of root system, resistance to disease, pests and unfavorable condi- 
tions, size and number of kernels, width and length of ear, size and branching 
of tassel, and amount of pollen shed. Inbred plants may grow somewhat slower 
than the corresponding hybrids, but earliness and lateness is an ordinary 
quantitative and not heterotic character, with earliness being completely or 
partially dominant. Row number in the ear is not affected by heterosis, 
heterozygotes having in general an intermediate row number. Plant and kernel 
color show a typical mendelian qualitative or quantitative behavior. The 
degree of heterosis may be quite different in individual cases. For instance, 
South American indigenous corn shows generally a very pronounced reduction 
in ear size of the first inbred generation, while the plant height may not be 
affected to the same degree. 

Recently there has been a tendency to use the terms heterosis and high 
adaptive value as identical. The relative adaptive value of any character de- 
pends evidently upon the type of selection applied. Thus a new criterion is 
introduced which in itself is independent of the nature of the heterotic charac- 
ter itself. For instance, plant height is a typical heterotic character, using the 
ordinary definition. If maize has to compete in badly cultivated fields with 
weeds and the brush coming up from roots of burned forest trees, then an 
excessive height of the plants will represent a high adaptive value. But if we 
keep the corn fields clean, the excessive plant height, with ears far from the 
ground, may produce an extreme degree of lodging, and thus would be an 
undesirable character. Taking the degree of adaptation to natural or artificial 
conditions as a decisive criterion, the second case could no more be called 
heterotic. We may cite another example: the Indians in the Choco, a region 
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of Colombia, plant their maize broadcast, and under such conditions plants 
which are too vigorous would tend to be eliminated. But under ordinary con- 
ditions of a mixed maize-bean planting, vigorous stalks which can support the 
weight of the bean vines, are selected. Thus we see that an ordinary heterotic 
character such as plant height will sometimes have a positive and sometimes 
a negative adaptive value. 

In conclusion, I may thus say that it seems to be best to avoid any subjective 
criteria and to consider heterosis to be present in those cases in which any 
quantitative character shows a higher mean in the hybrid generation than in 
any of the subsequent generations, obtained by any form of close inbreeding. 


PRINCIPLES OF POPULATION GENETICS, SELECTION AND MUTATION 


In a population which contains the three genotypes AA, Aa and aa, their 
relative frequency will depend mainly upon three factors: a) their constancy, 
that is, the rate of mutation, b) the reproductive system, whether random 
mating, preferential mating or selfing, and c) the relative survival values 
of the three genotypes. First we shall discuss the latter in some detail. 

In order to obtain index values for fitness we must accept one of these three 
genotypes as a standard with a survival value as unity. We find in the literature 
numerous notations. Thus Wricut (1931) sometimes uses the letter s to denote 
the selective value of a recessive lethal or a partially lethal mutant, and h-s for 
the selective value of intermediate heterozygotes. In the case of heterosis 
he uses the letters s and t for the selective values of both homozygotes (1931, 
1947). The standard value is represented in the first two cases by the viability 
and fertility of the homozygous dominant individuals and in the third case 
by that of the heterozygote. The corresponding survival values will then be 
(1—s), (1—h-s), etc. HALDANE used a similar procedure (1926) for heterotic 
cases, using however different letters of the alphabet. I shall use here, as in 
some previous publications, still other letters, in order to avoid confusion 
since there are some apparent differences in the biological definition given 
by the authors mentioned. If we admit that survival indexes may take any 
positive value and may be larger or smaller than unity, then there is no need 
to use special letters for individual genetical cases. I proposed to use (1948a) 
uniformly the letter R to denote the individuals or gametes remaining free 
to function in a population after all selective processes have had played their 
part, accepting as standard the survival value of the monofactorial hetero- 
zygotes. The survival values of the homozygotes are calculated as indexes in 
reference to this standard or unit value. If the heterozygote should be less 
viable than one of the homozygotes, the survival values of the latter would be 
larger than one, and if there should be heterosis for survival values, the indexes 
for both homozygotes will be smaller than one. 

The survival values, as just defined, may actually be determined in special 
experiments. Suppose we plant equal numbers of individuals of all three geno- 
types and are able to count the total number of gametes produced by all sur- 
viving individuals of each genotype, we may obtain numbers which we may 
indicate by the letters x, y and z. Dividing the triple proportion of genotypes 
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after selection by the value y, we obtain a mathematical definition of survival 
values. 
Initial phase: 


1 (AA):1 (Aa):1 (aa). 
After all selective processes: 

x (AA): y(Aa):z(aa) 
or finally 


OS cet AP lk Us 
G Ra(A) § 24% 1(A ) R,( yh. 


If the survival indexes of the two homozygotes are different, we shall use 
the capital letter A as a subscript to denote the higher index and the letter a 
to denote the lower of the two indexes. 

These total survival indexes R are compound values, if studied biologically 
in some detail. If we take the whole vegetative phase, only a certain fraction 
of individuals will reach reproductive age, and this fraction may be denoted 
by the symbols Ray and Ray. Furthermore only part of the gametes of the 
surviving plants may function and we shall denote the remainder, after re- 
production selection by the letters Rag and Rar. Mathematically these two 
partial survival values are related by a very simple equation: 


Ra = Ray: Rar; R= Ray: Rar aris (1) 


The partial survival values may be still further subdivided, if necessary. 
We may, for instance, determine successively the frequency or the percentage 
of seeds with good embryos, of good seeds which germinate, of plants surviving 
seedling stage and of plants reaching flowering stage, etc. If we design these 
successive fractions using numbers as subscripts, we obtain the following 
subdivision of vegetative survival indexes: 


Ry: Rye rj Rys: Ry P te Ryn = Ry. 


Furthermore, we may determine the causes of elimination at each of the 
above mentioned stages, for instance, how many seedlings are not albinos, 
but green, how many of the green seedlings are dwarfs, etc. Using letters as 
subscripts, it is easy to see that these partial survival values are additive: 


Ryze + Rye + +++ = Rye. 


In order to give a better idea of the importance of the subdivision of the 
total survival indexes we shall give some special cases. For instance, it is quite 
common that inbred lines of maize show a reduction in the percentage of 
germinating kernels, and that ears and tassels and the number of ovules and 
of pollen grains is considerably reduced. A vegetative survival value of .75 
caused by imperfect germination, and a reproductive survival index of .5 
in consequence of the reduction in size of ear and tassel], could not be considered 
as very low, but when combined, they result in a rather low total survival 
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index: .75 X.5=.375. In plants such as Capsicum inbreeding results also in a 
loss of vigor and here we may readily obtain a percentage of germination of 
about .7, a slight reduction of the flower formation of the order of .7 and a 
further reduction in the number of seeds in the fruits formed of about .6, 
always compared with the same characters in hybrids. Thus, we obtain a low 
total survival value of .7 X.7 X.6=.294. 

In numerous discussions on the effect of selection, very low selective values 
and thus very high survival values have been used when calculating demon- 
strative curves, and the corresponding survival values were actually not very 
different from one. The two examples given above show that even when the 
individual partial survival values are quite high, the total survival value turns 
out to be rather low. 

Next we shall briefly discuss mutation rate. Though there are few data at 
our disposal about the actual mutation rate in maize at different loci, a rate 
of the order of 10~* to 10-*, with a most probable average of 10-5, seems to be 
acceptable as a preliminary estimate. 

The number of mutable loci is another point to which we shall refer re- 
peatedly. Though there may be a total of the order of 5,000 loci present in 
maize, it seems to me dubious if we can follow Crow (1948) and suppose 
that all of them may mutate to one type of allele, i.e., to recessive lethals or 
subviables. We may accept as a general rule that new mutant genes are reces- 
sive in their most conspicuous phenotypic effect. We cannot, however, expect 
that all mutations will simply reduce survival. 

The different phenotypic effects which may cause a loss of vigor can be 
attributed to subviable mutant genes, such as deficient seed formation, de- 
ficient germination, deficiency in chlorophyll formation, etc. Thus we can 
subdivide the total of subviable mutants into groups. There are hardly more 
than a few hundred loci in maize responsible for any one of these different 
ontogenetic phases. 

With regard to the reproductive system we only have to distinguish in the 
present publication between the most extreme possibilities. A population of 
maize plants may be considered as a random-mating breeding unit, where the 
pollen of any plant has equal chances to reach the silks of any individual in 
the population, including that of the same plant. Actually this assumption is 
not quite correct for two reasons: The chances for natural self-pollination are 
somewhat reduced. That is, there is less chance for self-pollination than for 
cross-pollination because there is frequently a slight difference in flowering 
time between tassel and ear of one individual and furthermore the pollen 
rarely falls in a vertical direction. Also the chances of cross-pollination are 
not strictly random and decrease with increasing distance between plants. 
But for the present discussion both these limitations may be disregarded. In 
a lot of several thousand plants, the chance of self-pollination is insignificantly 
low anyway, and the effects of the variation in distance between plants will 
be without importance if all different genotypes in a field of maize are distrib- 
uted at random. 

Self-pollination on the other hand must be carried out artificially in maize 
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and this selfing can be done in such a way that we avoid all experimental errors 
which may lead to contamination and to crossing which would result in an 
incomplete system of inbreeding. 


POPULATION EQUILIBRIUM IN A RANDOM MATING POPULATION 


The formula for determining the proportion of two alleles at equilibrium 
in a population can be derived by a simple process. The gametic frequencies 
at equilibrium in generation n must be the same as that in the following genera- 
tion (n+1), in spite of the occurrence of new mutations and of all selective 
processes. Let us assume that the final frequency of two alleles A and a in 
generation n was equal to p and q respectively. Following the HARDy-WEIN- 
BERG law we should have in the next generation the following proportion of 
phenotypes: 


p?(AA) + 2pq(Aa) + q?(aa). 


After all selective processes have played their part again, and without the 
occurrence of any mutation this sum reduces to: 


p?- Ra(AA) + 2pq(Aa) + q?-R,(aa). 


Furthermore if a mutation occurs from A to cat the rate u, and without any 
selection, the original HARpY-WEINBERG formula suffers the following altera- 
tion: 


(p — pu)*(AA) + 2(p — pu)(q + qu)(Aa) + (q + pu)*(aa). 


On the whole we are justified not to consider the occurrence of recurrent 
mutations from a to A, its frequency v being considerably smaller than u. 
If however we want to include this phenomenon in the formula, we must add 
the term qv to the gametic frequency of p and subtract it from that of q. 

If we want to combine both processes, mutation and selection, we encounter 
certain difficulties. If a mutation occurs in a homozygote (AA), giving rise 
to a heterotic heterozygote (Aa), this would cause an alteration of survival 
value. The homozygote underwent only part of the total selection before 
undergoing mutation, and thus we should use in the formula for those homo- 
zygotes, which will mutate eventually, a partial survival value Ra’ which is 
larger than Rg. On the other hand, if a mutation should occur in a heterozygote 
(Aa) resulting in the appearance of a homozygote (aa), this in turn would have 
again an effect on survival. The new homozygote will have again a partial 
survival value larger than the usual survival value R, of homozygotes (aa). 
We may, however, assume that on the whole both these partial survival 
values will be so near to the value one, that we may disregard them. 

Thus, combining the two formulas given above, and remembering that after 
meiosis the heterozygotes segregate into equal proportions of gametes (A) 
and (a), we may write the formula at equilibrium, with selection and mutation: 


p pRat+pq-p-u 





—= (2) 
q @Rw+pq+p-u 
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By simple algebraic transformation this proportion reduces to: 


i — R,) — u/q’ 
a. ) — u/q (3a) 
q (1 — Ra) 
or, if we prefer, we may write also: 


u = (1 — R,)-q? — (1 — Ra)-q-(1 — q). (3b) 





We may use these formulas to decide whether the dominance hypothesis 
or the hypothesis of a heterotic gene interaction is correct. It is generally agreed 
that the heterotic mechanism in maize has been established long ago. Thus 
we must assume that such mutations, either to recessive genes, which reduce 
viability and which we may call subviables, or to heterotic genes, have been 
slowly accumulated and have reached a population equilibrium, governed by 
the formulas given above. It it should be shown that such a phylogenetic 
accumulation is impossible for certain assumed values of R, then the hypoth- 
esis used in estimating these values of R must be rejected. 

We shall start with a discussion of the dominance hypothesis. Here the sur- 
vival value of the homozygous dominant individuals (Ra) is equal to that of 
the heterozygotes (Aa), both being unity. The homozygous recessive sub- 
viable mutants will have a survival value Ra, smaller than 1. Under these 
conditions the second term in formulae (3b) becomes equal to zero and van- 
ishes, and we come actually to HALDANE’s formula for recessive subviable 
mutants: 


u = (1 — R,)-q?_ or a= aa (4) 
The limiting extreme values are: 
Recessive lethal mutants: Recessive neutral mutants: 
R, = zero R, = unity 
q= Vu q = infinite 
p=1—q=1-~Wu p = zero 


The frequency of the different homozygous and heterozygous genotypes 
per locus in a population at equilibrium can be easily determined, and the 
mean frequency for any number of mutable loci can be obtained by multi- 
plying the individual frequencies per locus by the number of loci involved. 
Table 1 gives the individual frequency of monofactorial recessives and hetero- 
zygotes, for a series of mutation rates for four different types of subviable 
mutant genes. 

The next step must consist in establishing limiting conditions which enable 
us to decide whether the dominance hypothesis is in accord with the facts 
known. We can establish the following requirements: (a) no homozygous domi- 
nants should occur in the balanced random mating population; (b) the inevi- 
table reduction of vigor after selfing requires that every individual of the 
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population should be heterozygous for at least one or more loci; (c) the absence 
of an asymmetrical distribution requires that every individual of the popula- 
tion is heterozygous for numerous loci. 

All these requirements will be fulfilled if we can be sure that any individual] 
obtained by selfing will contain at least one or more subviable mutant genes 
in the homozygous recessive condition. Thus we have to solve the question: 
which Poisson series does not reach, within reasonable probability limits, 
the value zero. The answer is a series with mean 7 where 99 percent of the 


TABLE 1 


Frequencies of recessive alleles and of heterozygotes at different mutation rates for four different 
types of subviable mutant genes of one locus. 





GAMETIC FREQUENCY OF ZYGOTIC. FREQUENCY OF 
MUTATION RATE 
REC. ALLELE HETEROZYGOTE 
R,= .9 
10 .0316 .0612 
10 .0100 .0198 
10-* .0032 .0063 
R= .75 
10-4 .0200 .0392 
10% .0063 .0125 
10-6 .0020 .0040 
R,=.5 
10-4 .0141 .0280 
10-5 .0040 .0080 
10-* .0014 .0028 
R,=0 
10 .0100 .0188 
10% .0032 .0063 


10-6 .0010 .0020 


total distribution lies between the limits 1 and 15. Thus we must require that 
any plant of the original population is heterozygous for at least 4 times 7 or 28 
loci. 

This requirement leads us to the next argument: We must now find the mean 
of another Poisson series which does not go below the value 28 within reason- 
able probability limits. 

Next we must decide what we should accept as such a probability limit. I 
am using in the first part of the discussion the limits of 10-° and 10~*. Any 
genotype expected with frequencies higher than these limits is either very 
likely or at least reasonably probable to occur. Before stating final conclu- 
sions, however, these limits must be defined in a still more rigorous way. 
Everybody agrees that no homozygous dominant individual of maize has yet 
been found, and it is thus an essential question to estimate how rare such in- 
dividuals must be in order to have escaped notice—if they should really exist. 
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Personally I have probably seen, in my experiments, offspring from only about 
7,000 selfed individuals. If one allows similar or higher figures for every 
geneticist or breeder of the last 30 years, the total number of selfed offspring 
studied would correspond to more than a few hundred thousand selfed in- 
dividuals. Thus, I think, we are justified in stating that any constitution 
expected with a frequency of more than once in a million had a good chance 
to come under observation. We should further add to the evidence studies on 
the indigenous corn, though it is hard to make a safe estimate as to numbers. 
I have studied during the last 13 years about 1,000 families from indigenous 
selfed material without finding any homozygous dominants. 

The argument is thus divided into parts: first using the lower and prelimi- 
nary limits and then passing to the high limit of probability. 

I shall consider three types of mutants: Lethals, medium subviable mutants 
with R=.5 (s=.5), and weak subviable mutants with R equal to .9 (s equal .1) 
(table 2) and a mutation rate of 10~. 


TABLE 2 


NUMBER OF HETEROZYGOUS LOCI PER INDIVIDUAL AT EQUILIBRIUM 








TOTAL OF MUTABLE LOCI x 
EXTREMES AT 1/100 Extremes AT 1/10,000 


PROBABILITY LEVEL PROBABILITY LIMIT 


MEAN 








Lethal mutants: R=0 


1,000 6.3 1 — 13 0 — 15 

3,000 18.6 8 — 28 4 — 3€ 

5,000 31.5 18 — 45 12 — 55 
Subviable Mutants: R=.5 

1,000 9 2—17 0 — 23 

3,000 27 14 — 40 9 — 49 

5,000 45 25 — 68 21 — 73 
Subviable Mutants: R= .9 

1,000 20 8 — 28 4 — 35 

2,000 40 25 — 56 18 — 67 

2,500 50 33 — 68 25 — 79 


3,000 59 41 — 79 32 — 96 








From table 2 we can conclude that considerably more than 5,000 loci, 
mutable to subviable genes with survival index R equal or smaller than .5, 
are necessary if we want to reach a sufficient degree of heterozygosis of at 
least 28 heterozygous loci. 

We might have reached the same conclusion in a shorter way, but it may 
have been interesting for those, not familiar with Poisson series, to have first 
individual limits. But we may have simply asked what are the means for 
Poisson distributions which do just reach, at different probability levels, 
the value 28, and calculate then the total number of loci which correspond to 
these Poisson means (table 3). 
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TABLE 3 








CORRESPONDING TOTAL NUMBER OF MUTABLE LOCI 








PROBABILITY MEAN OF POISSON 
LEVEL SERIES R,=.9 R,=.8 R=? 
10-¢ 63 3.150 4.500 5.530 
10% 57 2.850 4.070 5.000 
10 54 2.700 3.860 4.740 
10% 44 2.450 3.500 4.300 
10 42 2.100 3.000 3.680 





Thus we require from 3,000 to 5,000 loci changing, with a mutation ratio 
of 10-5, to recessive, with survival index above .7, and more loci still if the 
survival index should be below .7, in order to fulfill our minimum requirement 
or with other words, we need almost all loci present. 

I do not think we can dispose of all loci in this way. We know that a consid- 
erable number of loci yield mutants with much smaller survival values (de- 
fective seeds, albino and luteus seedlings, barren stalk, silkless, etc.). Further- 
more we know that any maize plant contains a large number of modifier genes 
with no appreciable effect on survival values, as can be shown easily by selec- 
tion experiments for shifting phenotypic expressions of any character. I stated 
above that heterosis is a complex phenomenon, forcing us to distinguish and 
to treat to some extent independently the heterosis in mean plant height, in 
mean ear size, in mean kernel weight, etc. There are evidently not enough 
mutable loci in maize, sufficient in number to build up the necessary genic 
system with only recessive subviable mutations. 

Thus I think we have to reject the dominance hypothesis as an exclusive 
or general explanation of heterosis in maize. There seems to exist no possi- 
bility of accumulating a number of heterozygous factor pairs, sufficient for 
the phenomena observed and which we set out to explain. 

On the other hand, the data seem to me in accordance with the estimated 
actual frequency of recessive subviable mutations which appear in South 
American maize after inbreeding, if we assume that there exist only a few hun- 
dred or less mutable loci for any phenotypic group of mutations. The frequency 
with which cytological aberrations appear in inbred lines is also of the same 
low order. These abnormalities cannot be the cause of heterosis or of the reduc- 
tion of vigor after inbreeding as was supposed by MUtntzinc (1946), but 
rather the consequence of the breeding system. 

Crow (1948) has reached a somewhat different conclusion. Since the fre- 
quency of homozygous subviable recessives is equal, at equilibrium, to 
u/s, one may say that the fraction lost, due to the presence of the homozygous 
subviable mutations, is equal tos-u/s or u. Assuming that there are N mutable 
loci, the total loss would be equal to N-u, which gives for a mutation rate of 
10- and 5,000 mutable loci a total average loss of .05. From this Crow con- 
cludes that the dominance hypothesis would be a sufficient explanation of 
heterosis, if ordinary random mating populations would yield, at the most, 
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| TABLE 4 











ZYGOTIC RATIOS 











GAMETIC 
SURVIVAL 
INDEXES REPRODUCTIVE REPR. AND VEGT. VEGETATIVE bes 
ELIMINATION ELIMINATION ELIMINATION settee 
Ra Ry AA Aa aa AA Aa aa AA Aa aa A 
Frequencies at equilibrium in random mating populations 
8 .8 44.44 50.00 25.00 23.68 52.64 23.68 22.22 56.56 22.22 50.00 
6 44.44 44.44 11.11 42.86 47.62 9.52 41.03 51.26 7.69 66.67 
4 58.25 37.50 5.25 55.10 40.82 4.08 52.94 44.12 2.94 75.00 
i 64.00 32.00 4.00 63.16 35.09 1.75 60.95 38.10 .95 80.00 
0 69.44 27.78 2.75 — _ _ 66.67 33.33 — 83.33 
6 6 25.00 50.00 25.00 22.22 55.56 22.22 18.75 62.50 18.75 50.00 
+ 36.00 48.00 16.00 33.33 55.56 11.11 28.42 63.16 8.42 60.00 
2 44.44 44.44 11.11 42.11 52.63 5.26 36.36 60.61 3.03 66.67 
0 51.02 40.82 8.16 — —_ —_ 42.85 57.15 — 71.43 
4 + 25.00 50.00 25.00 18.75 62.50 18.75 14.29 71.43 14.29 50.00 


nN 


32.65 48.98 18.37 25.80 64.52 9.68 19.88 74.54 5.59 57.14 
0 39.06 46.88 14.06 — — _ 24.99 75.01 — 62.50 


25.00 50.00 25.00 14.29 71.43 14.29 8.33 83.33 8.33 50.00 
1 28.02 49.83 22.15 16.76 73.30 9.93 9.72 86.43 3.84 52.94 
0 30.86 49.38 19.75 — — — 11.11 88.89 —_ 55.56 


s. 25.00 50.00 25.00 11.54 76.92 11.54 4.55 90.90 4.55 50.00 
05 26.37 49.96 23.67 12.63 79.81 7.56 4.90 92.90 2.20 51.35 





00 27.70 49.86 22.44 — — — 5.26 94.74 _ 52.63 
Frequencies at equilibrium in selfed populations 

> ae 50.00 — 50.00 50.00 — 50.00 50.00 — 50.00 50.00 

.4 100.00 — — 100.00 — — 100.00 — _— 100.00 


= 41.67 16.67 41.67 37.50 25.00 37.50 33.33 33.33 33.33 50.00 
ot 57.69 23.08 19.23 52.94 35.30 11.76 46.15 46.15 7.69 69.21 
2 62.50 25.00 12.50 _— — _ 50.00 50.00 _ 75.00 


. 35.71 28.87° 35.71 27.78 44.45 27.78 21.43 57.14 21.43 50.00 
i 40.54 32.43 27.03 31.92 51.06 17.02 24.32 64.86 10.82 56.76 
0 45.45 36.36 18.18 _— _ _ 27.27 72.73 <n 63.63 


ee 31.25 37.50 31.25 20.00 60.00 20.00 12.50 75.00 12.50 50.00 
0 35.76 42.83 21.43 — _ _ 14.31 3.0 — 57.17 


| 27.78 44.44 27.78 13.64 72.72 13.64 5.56 88.89 5.56 50.00 
0 29.41 47.06 23.53 — — _ 5.88 94.12 — 52.94 
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only five percent less than the maximum possible in a hybrid population not 
containing any homozygous recessive individuals. I think one may safely 
say that most populations of open pollinated field corn yield considerably 
less than 95 percent of maximum yield possible. If it were not so, it seems 
most unlikely that breeders would have resorted to the complicated and 
rather expensive process of producing hybrid corn which certanly would not 
be an economic proposition unless the gain was considerably more than five 
percent. 

Next we shall turn back to formula (3a) and study the situation for heterot- 
ic mutants, i.e., mutation to genes which cause the heterozygotes to have a 
higher survival value than either the original or normal genes or the new sub- 
viable mutants. Since the term (u/q?) can now be considered as generally 
very small when compared with the usual values of Ra and Rag, the formula 
may be simplified and written as given by several authors: 
p 1—R, 


= 5) 
q 1 — Ra ( 


If we want to calculate the zygotic frequencies, we cannot apply the HARDy- 
WEINBERG rule in its simple form. We have to take into consideration that 
generally individuals are observed after they have undergone at least part of 
the vegetative selection. Thus we must write (BRIEGER 1948a) the triple 
proportion: 








AA (1 i R,)?: Ray 
fo 838 6 HA =~ BENE = BD - (6) 
aa (1 i Ra)?- Ray 


Formulas (5) and (6) show that population equilibrium will be reached in- 
dependently of the original gene frequencies or the mutation rate. Table 4, 
upper part, repeated after BRIEGER (1948a) contains the gametic and zygotic 
proportions obtained at equilibrium. It is evident from this table that for 
survival values of homozygotes smaller than .6, we have about 50 per cent or 
more of monofactorial heterozygotes in the population at equilibrium. If a 
plant should be heterozygous for one locus only, one half of its descendents after 
selfing will maintain the vigor and the other half will be less vigorous than the 
parent. If we should require that practically no descendent should have the 
same vigor as the parent individual, it would be sufficient to assume the pres- 
ence of ten heterotic loci. 

It should also be noted that equilibrium will generally be reached rather 
rapidly. From tables and figures of the publication already mentioned (BriE- 
GER 1948) we can take the following example. 

If mutations to a heterotic mutant gene occur at a rate of 10-4 with survival 
values of Ra=.6; Ra=.4, it only takes about 9 generations for this mutant 
to reach a frequency of 10~? or one percent. In another 10 generations equilib- 
rium will be reached where the population contains 60 per cent of original 
genes and 40 percent of the mutant gene. If the mutation rate was only 
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10~*, it will require about 18 generations to reach a one percent level for the 
new mutant gene and another 10 generations to reach equilibrium. 
The superiority of a system of heterotic mutants as compared to a system of 
dominant recessive genes can be shown more directly in the following way: 
Figure 1 illustrates the frequencies of heterozygotes at equilibrium, (a) in a 
population in which 20 loci have mutated to heterotic allelic pairs, with average 
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FIGuRE 1 


survival values of Ra=.80, Ra=.60 and (b) in a population in which 200 loci 
have mutated at a rate of 10~* to subviable recessives, with an average of Ra=.1, 
R,=.75. The two distributions are approximately equal, the mean number of 
heterozygous loci being 9.4 in the case of heterotic loci and 8.0 in the case of 
recessive subviable loci. We may conclude that it would require about 200 loci 


200 heterotic loci 
Ra*.8 Rq=-6 





2 6 6 
aS 

vv 

> 4 

vv 

e 

7 2 





Frequency 


of 





82 85 90 96 100 


Number of heterozygous foci 


FIGURE 2 


which are capable of mutating to recessive subviable alleles, to give about the 
same degree of efficiency as 20 loci which had mutated to heterotic subviable 
alleles. Figure 2 shows the frequency distribution, calculated for 200 loci, 
containing subviable heterotic mutations. On the average, an individual con- 
tains 95 heterozygous and 105 homozygous loci. 

Finally the following summary shows in a very decisive manner the greater 
efficiency of heterotic gene pairs over subviable or lethal recessive mutants. 
(The numbers given refer to the total of mutable loci necessary in order to 
obtain, at equilibrium, 50 or 100 heterozygous loci.) 
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NUMBER OF MUTABLE LOCI 








50 HETEROZYGOUS 100 HETEROZYGOUS 
TYPE OF MUTANT LOCI LOCI 

Recessive lethal mutants 

(Ra=1; R,=0) u=10 8,300 16,000 
Recessive subviable mutants 

(Ra=1; Ra=.9) p= 10% 2,500 5,000 
Heterotic gene pairs: 

Ra= .8; R= .6 98 196 

Ra= .4; Ra=.2 67 135 





Thus it becomes evident that in order to build up an efficient heterotic 
mechanism by means of mutation to subviable recessive alleles one would 
require mutation at practically more than every locus in the corn plant. 

On the other hand, the hypothesis of the heterotic subviable loci does not in- 
volve any such difficulty since a very small fraction of the total of loci in 
maize are sufficient to explain heterosis of any individual character. 


THE RESULTS OF INBREEDING UNDER THE TWO ALTERNATIVE SYSTEMS 

We have to establish a formula which will allow us to calculate the genotypic 
frequencies in populations that are subjected to close inbreeding. The results, 
to be expected when individuals carrying recessive lethals are selfed, have 
been discussed in great detail during the last forty years, but in addition we 
require a new and special formula which will permit us to extend the discussion 
and to include both subviable recessive genes and heterotic gene pairs. The 
necessary formulas have been developed by BrIEGER (1948a, 1948b). To 
simplify the question we shall take only into consideration the initial fre- 
quencies of the three genotypes AA, Aaand aa and the survival values Ra and 
R, of the two homozygotes, while the survival value of the heterozygotes is 
taken as equal to one and used as basic value for comparison. We may omit 
the possibility of any new mutation, since with the small mutation rates 
ordinarily found only insignificant changes can occur. The formula is valid 
only for populations, but not for selected groups of inbred pedigree lines. 

Starting from the initial frequencies u, v and w for the three genotypes we 
obtain in the mth generation of selfing, the following frequencies: 


AA: 4-u-Ra™+ v- {1 + (2Ra) + (2Ra)? +-°- + (2Ra)™"} -Ray 
Aa: 2v (7) 
aa: 4-w-Ra™ + v- {1+ (2Ra) + (2Ra)? + - +> + (2Ra)™"} - Ray. 


The first term in the formula for frequencies of homozygotes can be omitted 
since its value will be comparatively small, except in rare cases where the 
initial frequency v, of heterozygotes, is much smaller than u and w. 

The second term has some very interesting mathematical properties: 

If the survival value for any of the homozygotes is equal to or larger than .5, 
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the exponential series will increase indefinitely and thus all heterozygotes will 
tend to disappear rapidly from the population. If in this case Ra should be 
larger than Rg, the frequency of the corresponding homozygote will increase 
more rapidly and reach infinity before that of the other homozygote. Conse- 
quently only the homozygotes with higher survival value will remain in the 
population. The same will occur and much more rapidly when only one of the 
survival values is larger and the other smaller than .5. 

When both survival values of homozygotes are smaller than .5, all the ex- 
ponential series will reach a finite value, and thus both heterozygotes and 
homozygotes will remain present in the population at equilibrium. I repeat 
from another publication (BRIEGER 1948) data (table 4, lower part) which 
contain the expected frequencies for.all three genotypes at equilibrium. These 
values are calculated easily since the exponential series in formula (8) may 
give rather simple values such as: 5 for R=.4; 2.5 for R=.3; 1.66 for R=.2, 
and 1.25 for R=1. 

Thus there are two quite different alternatives of population equilibrium 
under selfing: If one or both survival values of homozygotes are larger than 
one half, only the homozygotes with the higher survival value will be pre- 
served. If both these survival values are below one half, the population will 
always contain all three genotypes, the two homozygotes and the hetero- 
zygotes (table 4, lower part). The second alternative is of special importance, 
because it shows that current belief is wrong in as far as selfing does not 
always lead automatically to complete homozygosis. 

The approach to equilibrium will be gradual in selfed populations with large 
numbers of individuals. In most inbreeding experiments, however, the situa- 
tion will be different. If we establish pedigree lines no compensation is possible 
in later generations for the accidental selection of a given individual as parent 
of the next generation. If this individual should contain more homozygous 
loci than expected for the mean of its generation, no return to a higher degree 
of heterozygosis is possible. If the chosen individual was more heterozygotic 
than expected, this corresponds, on the other hand, to a return to frequencies 
of a previous generation and thus a slowing down of inbreeding speed. Thus 
genetic drift in small inbreeding units may either slow down or speed up the 
process of reaching final equilibrium and of obtaining homozygosis. It may 
also lead to establishing genotypic proportions which are quite different from 
the expected mean. Selfed pedigree lines will tend on the whole to establish a 
higher degree of homozygosis more quickly than would be expected in large 
inbreeding populations where different pedigree lines are not kept separated. 

We are now in a position to discuss whether or not our two alternative 
explanations of heterosis, the dominance hypothesis and the hypothesis of 
heterotic gene interaction, are in accord with theoretical expectation. In order 
to simplify matters we shall limit the discussion by assuming that the in- 
dividuals are at the beginning completely heterozygous for ten pairs of factors. 
This is a considerable simplification since normally the number of loci involved 
in corn will be much higher. 

We shall begin with the dominance hypothesis. The frequency of hetero- 











438 F. G. BRIEGER 


zygotes expected in the first, third and sixth generation of an inbred population 
are illustrated in figure 3, and it is evident that the survival value of the reces- 
sive homozygotes has very little influence on the final results. In the first inbred 
generation, the individuals contain on the average more than half of their loci 
in a heterozygous condition, and hardly any individual contains less than 
three or more than eight or nine heterozygous loci of the ten loci in considera- 
tion. However, in the sixth generation, between 70 and 80 percent of 
individuals are completely homozygous, and almost no individual should con- 
tain more than two out of the ten loci in the heterozygous state. 
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The influence of survival values becomes somewhat more pronounced if we 
take into consideration the number of dominant or recessive homozygous loci 
per individual plant. In the third inbred generation we still expect a consider- 
able number of homozygous subviables while after the sixth generation they 
tend to disappear except when survival indexes are quite near the value 
one. 

If we are dealing with inbred pedigree lines instead of populations, it is clear 
that on the whole they also should tend to become homozygous and contain at 
least some subviable recessive characters, unless we are always able to select 
the most vigorous of the inbred lines in such a way that they contain almost 
only dominant factors for normal viability and fertility. 











HETEROSIS IN MAIZE 439 


All the authors who have studied the problem of inbreeding during the last 
forty years, have already stated that the dominance hypothesis leads us to 
postulate that inbred families should be nearly homozygous from about the 
sixth selfing onward, and we have just shown that this rule holds true whether 
we are dealing with lethal genes or with subviable mutants causing only a 
rather slight reduction of survival values. However, it seems to me that it has 
been taken too frequently for granted that such a high degree of homozygosis 
is really attained. Uniformity or homogeneity in a population or an inbred line 
is not necessarily a proof for homozygosis, since balanced heterozygous popula- 
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tions can easily also be quite uniform. We shall come back to this important 
point again later on. 

Now we shall discuss the behavior of inbred populations carrying hetlerolic 
gene pairs. Figure 4 shows the existence of pronounced different results in 
accordance with the values of survival indexes. If the survival values of both 
homozygotes are rather high the situation does not differ very much from that 
just described for subviable recessives. In the sixth inbred generation about 
70 percent of all individuals should be completely homozygous and very few 
individuals should be heterozygous for more than one locus. If both survival 
values are close to .5, with at least one above this limit, the final result will 
again be the same, except that, many more generations will be required, and 
even in the tenth inbred generation we will have only about 50 percent homo- 
zygous individuals, while the other half of the population will still be heterozy- 
gous for one or two of ten loci. Finally, if both survival indexes are below .5, 
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the picture changes completely, and no complete homozygotes are expected 
even in the tenth inbred generation. The mean number of heterozygous loci 
will be about four out of the ten loci present and the maximum may be seven 
out of ten loci. 

Finally, the frequency of loci which should become homozygous for the 
less viable alleles is considerably higher than the values for homozygous 
subviable recessives. In the three cases of heterotic genes under discussion 
only about 10 to 20 percent of all individuals may become completely homo- 
zygous for the genes with a higher survival value. 

In short, we may say that factor pairs with a heterotic gene interaction: 
(a) will tend to maintain a higher degree of heterozygosis for a longer period, 
and (b) do not favor the appearance of individuals which are completely 
homozygous for all the genes with the higher survival value. Inbreeding in 
pedigree lines instead of in populations will somewhat alter the final results, 
without changing anything fundamentally. 

The hypothesis of heterotic gene interaction is thus also in accord with the 
facts generally observed, and we now have to decide which of the two alterna- 
tive hypotheses gives a better and more satisfactory explanation of all facts. 

In the first instance, I want to repeat my doubt in the current belief of 
attaining complete homozygosity by inbreeding, as required only under the 
dominant hypothesis. In fact, it seems to me far from being proved experi- 
mentally that inbreeding yields an almost complete homozygosis in about six 
generations, and moreover there are some clear indications that this is at 
least not always the case. For instance, several years ago we received from 
Dr. M. M. Ruoapes a highly inbred line of “good pachytene” maize and 
expected it to be highly homozygous. The line when first grown in Brazil was 
very weak, but by using the best ears obtained from selfing we were able to 
improve the climatic adaptation in about three generations. Such an adaptive 
change is, of course, only possible, if there still existed a sufficient number 
of heterozygous loci, and thus our observations prove that the inbred line still 
contained “‘hidden”’ heterozygosity. By growing the inbred line in a completely 
different climate, we evidently changed the adaptive value of many genes and 
thus established a new and different level for final equilibrium. We started a 
new selective trend which could only have been effective if sufficient hetero- 
zygosity was still present. 

Next we shall consider a surprising situation present in indigenous maize 
varieties. Since the Indians have grown maize many generations in small 
plots or populations, we should expect a high degree of inbreeding. Under 
the dominance hypothesis a high degree of homozygosis should have been 
attained, while the theory of heterotic gene interaction hypothesis would per- 
mit the maintenance of a considerable degree of heterozygosis, if survival 
values for homozygotes should be rather low. My extensive studies on South- 
American indigenous maize have definitely shown that the latter alternative 
is correct. The degree of heterozygosis must be quite considerable, since 
marked changes may be produced by a few generations of selection. Further- 
more, the reduction of vigor even in the first inbred generation is so pronounced 
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that numerous indigenous types cannot be maintained after two or three 
selfings, because no ears with good kernels are produced. We must assume 
that the Indian plant breeder, by always selecting the best ears and the 
strongest plants succeeded in attaining an extreme degree of heterozygosity 
at heterotic loci. At the same time, it may be mentioned that by selecting 
typical ears of their preferred varieties, they also achieved a genetic drift in 
favor of uniformity of type and a high degree of homozygosis at certain other 
loci, than those responsible for “vigor.” 

I may also mention that by a special breeding technique I have been able 
to select a new type of sweet corn adapted to the Brazilian subtropical condi- 
tions. It represents a balanced population, in the same way as the indigenous 
varieties: maintaining automatically both its vigor and heterozygosity for 
heterotic gene pairs, and uniformity for type. When a plant of such a popula- 
tion is selfed there is pronounced reduction of vigor in the first generation. 

The residual heterozygosity of inbred lines, the existence of balanced heter- 
otic populations in indigenous South-American maize and the possibility of 
actually obtaining such balanced populations by breeding are facts which are 
definitely not in accord with the dominance hypothesis, but can be readily 
explained by the alternative hypothesis of heterotic gene interaction. Thus 
again we reach the same conclusion as in the preceding chapter: only the second 
of the two hypotheses is completely in accord with the observed facts. 


REFERENCES TO BREEDING PROCEDURE 


There is no doubt that the method called “hybrid corn” has given excellent 
results in the United States, but the results obtained by this method elsewhere 
are far from satisfactory. There is at least one rather simple explanation for 
this divergence of results. The number of research workers, Experiment Sta- 
tions and farmers engaged in the breeding program in the United States is in 
excess of and not even comparable to the very low intensity of the work 
carried out in other countries. There, isolated geneticists try to achieve prac- 
tical results with limited numbers of inbred lines, obtained from limited ma- 
terial from a few sources only. However, it may well be that other and more 
fundamental reasons are involved as well. It is a known fact that the North 
American dent corns were not directly derived from any existing populations 
but from variety hybrids. In the original hybrids between the tall southern 
dent or “gourd seed” varieties and the smaller northeastern little flints, a 
large amount of factor interaction between size factors must have been in- 
volved. Therefore, the attempts to select again by simple mass selection in 
crossbred populations for a uniform dent type may have created a situation 
quite different from that existing in old indigenous balanced populations. It 
seems to me to be rather difficult to judge the results of unscientific mass 
selection, carried out between about 1830 and 1910. Anderson (1945) reports 
that most of the modern lines of inbred dent corn in the United States can be 
traced back to a few original selections, mainly to Reid’s Yellow Dent and to 
Lancaster Sure-cropper. The vast majority of the practical breeders of the 
last century have thus failed in producing a good new variety. At the same 
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time, it seems to me very doubtful that these selections may have again 
established balanced heterotic populations, which are characterized by their 
sensitivity to any degree of inbreeding. The basic technique in modern corn 
breeding is to select lines which can stand a good deal of inbreeding and 
which, therefore, require high values for the survival index of homozygotes. 
Thus the basic genetic element which enables us to establish a balanced heter- 
otic population is intentionally eliminated from the material by the main- 
tenance of only such inbred lines that still remain rather productive. 

Since the US-dent varieties are to a large extent derived from intravarietal 
hybridization, the hybrid corn technique is probably quite appropriate for 
them, and represents the best and most rapid practical solution for the North 
American plant breeder. However, it seems to me very doubtful whether 
the same method will give equally good results in other countries, such as 
the South-American ones, where we have at our disposal local or indigenous 
balanced populations, containing a large number of genes with a low survival 
index when homozygous. In fact, it may be more expedient instead to estab- 
lish new and improved balanced populations and to study in detail to what 
extent balanced populations of maize may not be only the first but also the 
final solution of the breeding problem, at least in South and Central America 
where we have generally the basic gene material at our disposal. 

The breeding procedure in establishing such balanced populations differs 
in several points from the ordinary technique. We must inbreed for about 
three generations in order to eliminate recessive undesirable characters and to 
increase homogeneity of non-heterotic loci. During this inbreeding phase, 
preference should be given to lines which are less resistant to inbreeding since 
they will contain heterotic alleles for low survival values in homozygotes 
necessary for building up the balanced population. In the second phase of the 
work, we must carry out repeated and multiple crosses eliminating all lines 
with low combining ability. After another period of about three generations 
of continuing crossing in selecting, the remaining multiple hybrids should 
be thrown together to form now one breeding unit. If the procedure has been 
carried out successfully, a new balanced population will be obtained. 


SUMMARY 


1. The use of the term heterosis is discussed. It is suggested that one should 
apply this term whenever the mean of hybrids for any quantitative character 
is higher than that of descendants, obtained by any form of inbreeding. 
Hybrids which are heterotic in this sense, may be superior, equal to, or in- 
ferior to their own parents. Furthermore, heterosis does not affect an indi- 
vidual as a whole, but only its separate characters. 

2. Two fundamentally different genetic formulas have been proposed during 
the last forty years in explanation of heterosis: The dominance hypothesis is 
based on the assumption that heterotic hybrids are heterozygous for recessive 
subviable mutant genes, while the alternative explanation postulates the 
existence of loci containing special “heterotic” alleles which when heterozygous 
increase vigor. The linkage hypothesis represents an intermediary solution 
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between these alternatives and was intended to overcome certain difficulties. 
The evidence presented in the literature up to now gives no conclusive proof 
in favor of either of the hypotheses. 

3. Applying the principles of population genetics to the problem of the 
evolution of heterotic gene mechanisms, we were able to show that there 
exists no effective breeding system which would tend to accumulate a sufficient 
number of recessive subviable or lethal mutants, as required by the dominance 
hypothesis. But there will be a rapid accumulation of heterotic mutations, 
which does not depend upon the mutation rate. 

4. Using the number of heterozygous loci present in a population as a meas- 
ure for the efficiency of a genic system, it is evident that heterotic gene systems 
are much superior to systems based, on recessive subviable or lethal muta- 
tions. In order to accumulate an average of 100 heterozygous loci per indi- 
vidual in a population, we require (a) from 100 to 200 mutable loci, producing 
mutations to heterotic gene pairs, (b) 5,000 loci which may mutate at a rate 
of 10-> to recessive subviable genes with survival values of the high order of 
.9 or finally (c) over 15,000 loci which may mutate at the rate of 10- to lethal 
mutant genes. 

5. Facts are cited to show that the dominance hypothesis is not sufficient 
to explain all results obtained by inbreeding. The hypothesis of heterotic gene 
interaction on the other hand is again capable of explaining in a satisfactory 
manner all known facts. - 

6. A certain number of recessive subviable or lethal mutations tend to 
accumulate in any random mating population, and thus the appearance of 
the corresponding homozygotes after inbreeding is not a cause, but rather 
a consequence of the breeding system. 

7. Two alternative methods of maize breeding are mentioned. They may 
be characterized by the terms “hybrid corn technique” and “balanced popu- 
lation technique.” Their advantages and disadvantages are briefly discussed, 
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NE of the unsolved problems concerning translocations deals with chro- 

mosome segregation. Why is it mostly alternate in Oenothera, while in 
maize both alternate and adjacent segregations occur? Maize translocation 
heterozygotes involving chromosome 6 which carries a nucleolar organizer 
region are useful for such a study, since certain of the types of segregation 
result in recognizably different microspore quartets (McCLintock 1934, 
1945). The results of a study of chromosome segregation using 27 transloca- 
tions with breakages at different loci in chromosome 6 are presented in this 
paper, the theoretical results first, followed by the experimental data. 


THEORETICAL RESULTS IN THE SPORE QUARTETS AND POLLFN OF 
TRANSLOCATION HETEROZYGOTES 


Considering only the theoretically possible 2-2 segregations from the 
complex of four chromosomes (fig. 1A) alternate or adjacent chromosomes 
may pass to the same pole, there being two types of adjacents, designated by 
McCurntTock (1945) as: adjacent 1 in which homologous centromeres pass 
to opposite poles at division I (disjunction of homologous centromeres, non- 
disjunction of the translocated pieces) and adjacent 2 in which they pass to 
the same pole (nondisjunction of homologous centromeres, disjunction of the 
translocated pieces). These three types of segregation may be thought of also 
as resulting from different planes of separation at the first division, alternate 
and adjacent 1 being along a plane which separates homologous centromeres 
and adjacent 2 along a plane at right angles to this. When the segregation 
involves nondisjunction of the nucleolar organizer regions, two types of spores 
result, one having two organizers and potentially two nucleoli which may fuse, 
the other type having no organizer and consequently scattered small bodies 
of nucleolar material, referred to in this paper as a “diffuse” spore type. In 
maize the spores remain in quartets for a time after completion of meiosis, 
and with the proper acetocarmine staining any spore quartets differing in 
their nucleolar makeup may be recognized. It is possible also to distinguish 
the two division planes, since a cell division follows the first meiotic division. 

The expected results of these three kinds of segregation fall into three main 
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Ficure 1A. Pachytene diagram of a 5-6 translocation heterozygote with the break in chromo- 
some 6 (solid Jine) in the short arm, that in 5 (dotted line) in the long arm, b and a being the 
interstitial segments in the respective chromosomes. At the short arm end of chromosome 6 are 
the satellite and next to it the nucleolar organizer region (stippled). The clear circles represent 
the centromeres, the dense ones the pycnotic knobs. 

FicurE 1B. The spore quartet types and their frequencies resulting from various events 
(crossovers or non crossovers) in the interstitial segments in figure 1A. The second column shows 
the nucleolar organizer constitutions of the resulting chromatid pairs (with sister centromeres) 
before orientation for Division I; ® and — indicate chromatids with and without the nucleolar 
organizer respectively. The shaded spores in the resulting quartets are normal, the empty ones 
abortive due to chromosomal deficiency. The first division plane is indicated by the wider separa- 
tion. The two abnormal spores in the first quartet type in the “one diffuse” class, and the two 
diffuse-nucleolate spores in the second quartet type in the “two diffuse” class should be by chance 
contiguous but on opposite sides of the first division plane as frequently as in the diagonal position 
shown. 


groups depending on the position of the breakage point in chromosome 6: 
(1) those with the break in the short arm between the centromere and the 
nucleolar organizer, (2) those with the break in the long arm or in the satellite, 
and (3) those with the break in the nucleolar organizer. Segregation of two 
chromosomes to each pole will be considered first, then the results from 3-1 
segregation. 
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Group 1, those with one break in the short arm of chromosome 6 
between the centromere and the nucleolar organizer. 


The expected results for this group have been presented (BURNHAM 1949), 
but are summarized here in figure 1B. Three main types of spore quartets 
may be recognized cytologically based on the number of spores with “diffuse” 
nucleolar material, i.e. “no diffuse,” “two diffuse,” and “one diffuse.” The 
first division is assumed to be reductional for homologous centromeres (in 
adjacent 2 segregations the first division is nondisjunctional for them but the 
second division is again equational). By referring to figure 1A and to column 
2 in figure 1B, the kinds of quartets expected from each type of segregation, 
with and without crossing over? in the interstitial segments, may be seen to 
be those shown in the last three columns of figure 1B. For example with 
no crossing over in the interstitial segments, at the end of the first division 
following alternate segregation one pair of chromatids at each pole has two 
nucleolar organizers (indicated by dots) and one pair has no organizers 
(indicated by dashes): ———. At the second division, one chromatid from 





each of the two pairs passes to the same pole, resulting in a quartet of normal 
functional spores (indicated by shading in fig. 1B) with one nucleolus each: 
i-= Adjacent 2 segregation results in a quartet indistinguishable in ap- 


pearance from this (one nucleolus in each spore) but which differs from it in 
having spores all of which are deficient and expected to abort. Adjacent 
1 segregation results in the quartet type which has two “diffuse” spores, a 
“two diffuse” quartet. With no crossing over in the interstitial segments, the 
difference between the observed pollen abortion and the amount predicted 
from the frequency of “two diffuse” quartets should indicate the frequency of 
adjacent 2 segregation and hence the frequencies of the three types of segre- 
gation could be determined. 

A single crossover in either interstitial segment, followed either by alternate 
or adjacent 1 segregation results in the third recognizable spore quartet type 
having two spores with one nucleolus each (functional), one with potentially 
two nucleoli, and one with diffuse nucleolar material, the latter two being on 
opposite sides of the first division plane and abortive (fig. 1B). This will be 
referred to as a “one diffuse” or a crossover type quartet. The segregation in 
it has been referred to in certain Oenothera and Pisum studies on transloca- 
tions as “half disjunction.” A high frequency of such crossovers in a species 
having mainly alternate segregation in rings should result in sterility approach- 
ing 50 percent. If adjacent 2 segregation followed such a crossover, a “no 
diffuse” as well as this “one diffuse” type would be expected, in both of which 
all four spores would be abortive. However, if chromosomes that crossover pass 
to opposite poles, as evidence reported here and by McCurntock (1945) 
indicates, this type of segregation would not occur. In that case, in a translo- 
cation with only one interstitial segment that is short enough to preclude 


2 Throughout this paper the terms “crossing over” or “crossovers” refer to the cytological 
process, contrasted with “genetic crossing over” or “recovered crossovers” for the observed genetic 
result. Unless stated otherwise, the crossovers referred to are those occurring in interstitial seg- 
ments, 
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double crossovers it would be possible to measure the frequency of single 
crossovers in this segment, and of the different kinds of segregation from the 
non crossover meiocytes. 

Simultaneous single crossovers in the two interstitial segments result in 
the three types of quartets from each kind of segregation (fig. 1B). Transloca- 
tions in which this is frequent would not be as satisfactory for an analysis of 
chromosome segregation. Note that the two abnormal spores in the “cross- 
over” type and the two “diffuse” spores in the “two diffuse” quartet are on 
the same side and on opposite sides, respectively, of the first division plane; 
whereas the reverse is true for single crossing over in one segment and for no 
crossing over. 

The expected results from double crossing over in either region a or b are 
also shown in figure 1B. The 2-strand doubles give the same quartet types as 
with no crossing over, and the 3-strand doubles give the same types as does 
a single crossover. Following a 4-strand double, adjacent 1 segregation gives 
rise to a normal quartet with functional spores while alternate segregation 
results in a quartet having two spores with diffuse nucleoli (all four spores 
abortive), just the reverse of those following no crossing over. Only if alternate 
and adjacent 1 segregations following 4-strand double crossing over are equally 
frequent would the frequency of quartets containing two spores with diffuse 
nucleoli still be an accurate measure of adjacent 1 segregation. Although 
adjacent 2 segregation may not be expected following the 2- and 4-strand 
doubles, if it did occur it would result in normal-appearing quartets with four 
abortive spores and hence would be included in any observed difference be- 
tween predicted and observed sterility. 

A very important point, previously overlooked, has been presented by 
Lamm (1948) based on TomETorRp’s unpublished analysis (called to my atten- 
tion by Dr. H. H. Kramer as this was being completed), (see also HANSON 
and KRAMER 1949) i.e. that the two crossover chromatids resulting from a 
single crossover in the interstitial segment are carried by the abortive spores 
when the segregation is alternate; and are carried by the normal spores only 
when it is adjacent 1. Double crossover chromatids following 2-strand and 3- 
strand doubles, and single crossover chromatids following 4-strand doubles 
may be recovered when the segregation is alternate. In species having mostly 
alternate segregation the observed genetic crossing over should be greatly 
reduced. In corn where alternate and adjacent 1 segregations are probably 
equally frequent following the crossovers, reduction in observed recombina- 
tion would be expected from that source. 

In presenting the data, it is assumed that the first division is reductional 
at the centromere. The evidence from other sources makes this probable, 
although certain infrequent quartet types to be described later could be 
explained by rare equational separation. 

Where the breaks are fairly close to the centromeres, non-homologous 
pairing may separate homologous centromeres. This would not necessarily 
result in equational separation of these centromeres at division 1, but might 
affect the action of the centromeres on orientation from those figures. 
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It should also be noted that in the quartets containing functionally normal 
spores a ratio of 1 with the standard normal: 1 with the translocation chromo- 
some complex is expected. 


Group 2. Translocations with one break in the long arm or 
in the satellite of chromosome 6. 


In plants heterozygous for a translocation in which the break in chromo- 
some 6 was in the long arm, the pachytene configuration is represented in 
figure 2; c and d indicating the interstitial segments. In this type of transloca- 
tion, a study of the diagram will show that adjacent 2 segregation results in 
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Ficure 2. Pachytene diagram of a 5-6 translocation heterozygote with the breaks in 6 (solid 
line) and 5 (dotted line) in the long arms, c and d being the interstitial segments in the respective 
chromosomes. Adjacent 2 segregation (when homologous centromeres pass to the same pole) re- 
sults in the “two diffuse” type, alternate or adjacent 1 segregation results in the “no diffuse” type, 
with or without crossing over in the interstitial segments. 


“two diffuse” quartets, while alternate and adjacent 1 segregations result in 
“no diffuse” quartets, with or without crossing over in either or both inter- 
stitial segments. The frequency of “two diffuse” quartets is the frequency of 
adjacent 2 segregation. Single crossovers and 3-strand doubles again result 
in “half disjunction” quartets in which two spores are normal and two abor- 
tive, but they have one nucleolus each and cannot be recognized cytologically. 
If the interstitial regions are so short that little or no crossing over occurs in 
them, the excess of observed over predicted pollen abortion would measure 
the frequency of adjacent 1 segregation (quartets which appear normal but 
in which all four spores abort). The remaining normal, i.e. “no diffuse,” quar- 
tets would result from alternate segregation. In those having either or both 
interstitial segments long, only if there is independent information on the 
frequency of single and multiple crossing over in them can the frequency of 
adjacent 1 and alternate segregations be estimated. Translocations of this 
type, group 2, are useful since in all of them the frequency of adjacent 2 
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segregation can be determined. No assumptions regarding the kind of segrega- 
tion following crossing over are necessary, the only difficulty coming from 3-1 
segregation to be discussed later. 

The problem of segregation frequencies might be solved also by cytological 
determinations of the relative frequencies of open and zigzag rings at meta- 
phase if it could be assumed that only the zigzag rings lead to alternate segre- 
gation. However, KoLier (1944) has reported in mice that the zigzag rings 
may be oriented to give adjacent segregation. If differences in morphology 
are great enough, the two types of adjacents may be recognized at early ana- 
phase I. Such a cytological study would not be complete unless it were pos- 
sible to recognize those figures in which crossing over had occurred in an 
interstitial segment. 

For translocations with one break in the satellite of chromosome 6, the quartet 
types are the same as for the preceding ones in which the break in chromosome 
6 was in the long arm. One difference in this group is that spores deficient only 
fora portion of the satellite are not abortive (BURNHAM 1932b), hence allowance 
must be made for this in comparing observed with predicted pollen abortion. 


Group 3. Translocations with one break in the nucleolus 
organizer region of chromosome 6. 


In the translocations with the break in chromosome 6 in the nucleolus or- 
ganizer region, if both pieces of that region (the translocated and the remaining 
piece) retain the nucleolar organizing function there will be a potential total 
of six nucleoli in the normal quartet, only two of which should be normal in 
size. The nucleoli organized by the pieces of the organizer region may be of 
similar size or unequal (McC.iintock 1934). Various combinations of these 
in the spores of a quartet are possible with different segregations and with 
crossing over. Since fusion of these nucleoli often occurs, an accurate determi- 
nation of the relative frequencies of different segregations would be difficult 
or impossible from the quartet study. A quartet in which one spore has diffuse 
nucleoli is theoretically possible if adjacent 2 segregation occurs following 
crossing over in an interstitial segment. A cytological determination of the 
frequencies of zig-zag and open rings may be the best means of studying segre- 
gation in translocations belonging to this group. McCtirntrock (1934) has 
reported the results for one such translocation (T6—-9a) by identifying cy- 
tologically the chromosome constitutions of the microspores. 

Spore quartet types following 3-1 disjunction of chromosomes from the ring. 
A 3-1 segregation of the chromosomes in the ring may result in a “two dif- 
fuse” or a “no diffuse” quartet, depending on whether two or only one of the 
three chromosomes going to one pole carries a nucleolar organizer. In either 
case, two spores are normal, two abortive. If the different kinds of 3-1 segrega- 
tion were at random, these two types would be equally frequent and the errors 
in the predicted sterility would balance each other. As a check on possible 
sources of error, it may be important to determine the frequency with which 
“two diffuse” quartets may be expected from 3-1 segregation. 
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EXPERIMENTAL METHODS 


Frequency counts of the different types of quartets based on their nucleolar 
makeup were used to measure directly the frequencies of certain kinds of 
chromosome segregation. The frequency of other segregations was determined 
by comparing the observed pollen abortion with that predicted from the fre- 
quencies of quartets whose nucleolar makeup indicated abortive spores. 

Pollen abortion counts were made by teasing about a third of an anther 
into a small drop of aqueous KI-I solution, adding a narrow cover slip and 
counting successive strips across the entire preparation. Ringing of the slip 
with mineral oil prevented shifting due to evaporation during the counting. 
The numbers of normal, partly-filled, and empty or practically empty grains 
were recorded. Pollen sterility showed considerable variation between anthers 
and between plants within the same cross, in spite of precautions taken to 
count the entire contents on the slide prepared from the middle third of 
the anther. A reasonably accurate measure of pollen sterility for a plant was 
considered to be furnished by separate counts of one anther each from two 
different spikelets on two different tassel branches, making a total of four 
counts. 

Acetocarmine smears were used for the cytological studies, a few modifica- 
tions being used for the smears of spore quartets. The proper stage was essen- 
tial; if too old the spores in the quartet separated when the cover slip was 
added. Size of the drop of acetocarmine was important to obtain the proper 
degree of flattening when the cover slip was applied. To get the darker staining 
necessary to show the nucleolus material clearly, iron from a rusty needle 
(more than for pachytene smears) was worked into the drop by additional 
stirring. In the later work, the spores were first stained darkly, then before 
adding the cover slip a drop of 45 percent acetic acid was mixed in to destain 
the cytoplasm. This is a modification of a technique used by Dr. A. E. Lonc- 
LEY for pachytene preparations in which he adds glacial acetic acid to the 
edge of the drop before applying the cover slip. This results in better destain- 
ing of the cytoplasm and prevents early deterioration by crystallizing of the 
acetocarmine. After applying the cover slip, slight heating was necessary at 
times to destain the cytoplasm properly. Frequency counts were made of all 
the different recognizable quartets on slides made in all cases from a single 
anther. In the later work the separated spores on the same slide were also 
scored as having “diffuse” or “non-diffuse” nucleolar material. 


EXPERIMENTAL RESULTS FOR TRANSLOCATIONS HAVING ONE BREAK IN 
THE SHORT ARM OF CHROMOSOME 6 BETWEEN THE CENTRO- 
MERE AND THE NUCLEOLAR ORGANIZER (GROUP 1) 


Included in this group are 75-6c and 74-6 Li with one long interstitial seg- 
ment; and T2-6a, T6-10b and T5-6c homozygous for an inversion in chromo- 
some 5 (In5a), all of which have short interstitial segments. 

The most extensive studies were on 75-6c with and without In5a used to 
shift one centromere without changing the lengths of the two axes or the 








SEGREGATION IN TRANSLOCATIONS 453 


four arms of the “cross” (preliminary reports, BURNHAM 1945, 1948, 1949). 
I am indebted to Dr. BARBARA McC inTocx for suggesting the problem and 
furnishing seed of T5-6c, the inversion in chromosome 5, and a stock combining 
them, together with spore quartet data on T5-6c and T6-10b. The conclusion 
from those data that chromosomes that cross over pass to opposite poles has 
been reported (McCiintock 1945). The data in this paper are entirely from 
later materia] grown in the field at University Farm, St. Paul, Minnesota. 


Pachytene morphology 


To interpret the experimental data on chromosome segregation in the crosses 
it is essential to know where the breakages occurred to produce the chromo- 
somal changes. In plants heterozygous for T5-6c, considerable variation in the 
position of the “cross” was noted at pachytene. Of 21 figures observed on one 

















Ficure 3. Pachytene diagram of T5-6c/+ with the break in 6 in the short arm adjacent to 
the centromere and that in 5 near the end of the long arm, 6° and 5° being the two translocated 
chromosomes, a the interstitial segment. The arrows show the points of breakage in inversion 5a. 


slide, ten had the “cross” in the short arm of chromosome 6 as illustrated 
in the diagram (fig. 3), while eleven had it in the long arm of chromosome 6, 
many of them at a considerable distance. Only in the former were the homolo- 
gous chromosome 6 centromeres synapsed. In the latter they were on different 
arms of the cross. These observations indicate the breaks were in the short 
arm of chromosome 6 and toward the end of the long arm of 5. A study of the 
two translocated chromosomes in the stock homozygous for T5-6c served to 
determine the precise breakage points, since the short arm of the normal chro- 
mosome 6 has large, darkly-staining chromomeres while the segment of the 
long arm of chromosome 5 distal to the knob has very small, lightly-staining 
ones. Since the entire short arm of the 6° translocated chromosome (read as 
“6 with a piece of 5”) had only small chromomeres, the break in chromosome 
6 must have been in the short arm adjacent to the centromere. The other 5° 
translocated chromosome was attached to the nucleolus, and the point where 
the darkly staining segment of chromosome 6 met the lightly staining one 
must have been the point of breakage in chromosome 5. It was considerably 
distal to the knob in the long arm of chromosome 5. 

The breakage points in the normal chromosomes and the resulting trans- 
located ones are shown in the diagrams, figures 4 c, d, and a, b, respectively, 
the average lengths of the segments in mm as measured in the camera lucida 
drawings at 5500Xmagnification being included. Based on these measure- 
ments, the lengths of the interchanged pieces are probably about 100 percent 
of the normal short arm of chromosome 6 and 11 percent of the normal long 
arm of chromosome 5. These observations agree with McCLINTOCK’s state- 
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ment in a private communication that the breakage points were readily ob- 
servable. 

Pachytene stages from the stock homozygous for an inversion in chromo- 
some 5 (In 5a) revealed a morphology which permitted a fairly accurate 
determination of the positions of these two breaks. In the inverted chromo- 
some, a heavily stained region in the short arm adjacent to the centromere 
was observed in many of the figures, while in all the figures examined there 
was a very small knob in the long arm. This morphology would be expected 
if one break in the normal chromosome 5 had been in the knob present in the 
long arm and the other break in the short arm adjacent to the centromere. 
This would leave one piece of the knob adjacent to the centromere in its new 
position and transpose the other piece of the knob to the old position of the 
centromere. It is also possible that the dark region next to the centromere 
may have been the dark chromomeres found at that point in certain stocks 
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Ficure 4. Diagrams of chromosomes 5 and 6 in homozygous normal, translocation and in- 
version stocks. The figures along the chromosome segments are the average lengths in mm from 
camera lucida drawings at about 5500 magnification. Measurements marked @ on the inverted 
5® chromosome were calculated from the separate T5-6c and Jn5a measurements. 

a, b=the 6° and 5¢ chromosomes in T5-6c. 

c, d=normal chromosomes 6 and 5, arrows indicating the points of breakage 
e=chromosome 5 of In5a 
f=inverted chromosome 5° of T5-6cIn5a. 
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and not a piece of the subterminal knob. In that case one break adjacent to 
the knob but on the distal side, and the other a short distance from the 
centromere in the short arm, would result in a very similar morphology. Based 
on the assumption that one break was in the knob, about 67 per cent of the 
normal long arm plus the centromere and none of the short arm were included 
in the inversion (fig. 4e), the points at which breakage occurred to produce 
the inversion being indicated on the normal chromosome (fig. 4d; only slightly 
different if the break had been adjacent to the knob). 

The homozygous stock which has T5-6c and the inversion combined showed 
all the features of chromosome morphology at pachytene expected from 
what was found in the separate stocks. The 6° chromosome was the same as 
in T5-6c; while the 5° was attached to the nucleolus, had its centromere 
much closer to this end due to the inversion, and showed the small knob in 
the long arm (fig. 4f). The darkly-stained region in the short arm adjacent 
to the centromere was observed only in part of the figures, similar to what 
was described above for In5a. The observed average lengths of these regions 
(based on three cells), together with those calculated from the observed 
values in the separate T5-6c and inversion stocks (marked with *), are also 
shown in figure 4f. The agreement is very close in spite of the fact that the 
two are based on different slides from different plants. 

A study of pachytene pairing was attempted for plants heterozygous for 
T5-6c and homozygous for the inversion to determine if the shift in centromere 
position affected the frequency or extent of non-homologous pairing. As to 
the “cross” arm lengths, the configuration is expected to be similar to that 
shown in the diagram (fig. 3) for 75-6c/+ alone. Several figures were observed 
in which the “cross” was in the long arm of chromosome 6 indicating non- 
homologous pairing. More observations must be made for an adequate com- 
parison of frequencies between this and the stock not carrying the inversion. 

In the T2-6a heterozygote at pachytene, the “cross” was frequently far out 
in the long arm of chromosome 6 (BURNHAM 1932a), the chromosome 6 centro- 
meres then being on different arms indicating non-homologous association. 
In an occasional figure the “cross” was at a position in which these centro- 
meres were paired, indicating the break in chromosome 6 was at or near the 
centromere. Since pollen abortion in the T2-6a heterozygote was 50 percent, 
it is probable that at least part of the short arm of 6 was translocated. Ex- 
amination of the homozygous stock showed the break to be in the short arm 
of chromosome 6, the figures not being good enough to determine the precise 
point. Chromosome 2° now has the organizer and satellite. The break in 
chromosome 2 was between the knob and the centromere at about L-0.4, 
assuming the break in 6 to be close to the centromere. 

The breakage points in the translocations used may be summarized as 
follows: 


T2-6a 2L-0.4 (or a little less) 6S-0.0 (or up to 0.5?) 
T4-6Li (C. H. Lt, unpublished) 4S-0.7 6S-0.2 

T6-10b (McCuinTocK, unpublished) 6S-0.5 10L-0.58 

T5-6¢ SL-0.89 6S-0.0 


T5-6c In Sa (see below) 6S-0.0 
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In this last stock, the break in 5 is at L-0.89 in terms of the normal 5, but the 
centromere is now at about L-0.67; so that the distance between the new cen- 
tromere position and the break point is 0.22 (0.89—0.67). 

One other translocation, Connecticut 1-6, has been reported (ROBERTS 
1942) to have the break in chromosome 6 in the short arm at 0.2. In the stock 
used for this study, only 26 percent of pollen abortion and 0.6 percent of 
quartets having two spores with diffuse nucleoli were observed. Examination 
of the homozygous stock showed the break in chromosome 6 was in the outer 
portion of the organizer, and both translocated chromosomes were attached 
to the nucleolus. The break in chromosome 1 was at about 0.05 of the long 
arm. Chromosome 1° therefore has a satellite and a small piece of the organizer 
region of chromosome 6 while 6' has retained the major portion of the nucleolar 
organizer region. This also accounts for the low pollen abortion since the class 
of spores deficient for the translocated piece of 6 probably does not abort. 
This translocation therefore belongs in group 3. RosBerts has furnished his 
original cytological observations, including spore quartet counts. The latter 
showed 36 percent of “two diffuse” quartets and 4.6 percent of crossover 
type quartets; clearly indicating the stock I used is a different translocation. 


Data on spore quartets from plants with 10 pairs of chromosomes as normal checks 


For In 5a, based on 3,446 quartets, 0.5 percent of “two diffuse,” and 0.6 
percent of “one diffuse” types were observed accounting for about 0.8 percent 
of pollen abortion (5.4 percent observed). For T5-6c, based on 1,401 spore 
quartets, 1.1 percent of “two diffuse” and 1.8 percent with “one diffuse” were 
observed accounting for about two percent of pollen abortion (3.9 percent 
observed). One slide had six percent of abnormal quartets. In T5-6c homo- 
zygous for In 5a only 0.003 percent of “two diffuse” and “one diffuse” were 
observed. No data were obtained on pollen sterility on these latter plants. 
These cytological results may be explained on the basis of McCLrinTOock’s 
conclusion (1941) that a chiasma in the short arm between the centromere and 
the nucleolus organizer region may result in breakage of the chromatids fol- 
owed by fusion and sometimes bridge plus fragment formation. The lower 
observed frequency of abnormal quartets in T75-6c In 5a as compared with 
T5-6c is in line with this explanation since the region in which this might 
occur is much longer in T5-6c. Loss of fragments carrying the nucleolar or- 
ganizers could account for the observed low frequency of spores with two 
nucleoli in the “one” or “two diffuse” quartets (in 35 “two diffuse” quartets, 
none had a second spore with two nucleoli; while in 45 “one diffuse” type, only 
four had a spore with two nucleoli). 

A few quartets were observed in these plants in which the two “diffuse” 
spores were in diagonal position. These might be the result of breakage of a 
second division bridge in each cell of the diad. This is improbable since this 
would have to result from a double bridge formed by a 4-strand double in the 
short arm of chromosome 6. This same “diagonal type” was observed occasion- 
ally in the T5-6c heterozygotes. In a total of 4,054 quartets containing two 
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spores with diffuse nucleoli, there were 50 such quartets. As shown in figure 
1B, this “diagonal type” is expected if single crossovers occur simultaneously 
in the two interstitial segments. This appears to be ruled out here since the 
pachytene morphology indicates there is only one interstitial segment. 
Another possibility would be occasional equational separation of both homol- 
ogous centromeres at division I. A more probable explanation is the same un- 
known mechanism which produces it in normal plants, mentioned above. 


General observations on spore quartets, abnormal types, disjunction 
of chromosomes which cross over 


Considerable difficulty was experienced in distinguishing with certainty 
in all quartets the first and second division planes. Separate records were 
taken at the beginning of the study of those in which the two planes could be 
clearly distinguished; but in the later work they were not separated, since it 
was not necessary for the main points being studied. In certain slides, the 
spores in many of the quartets separate either when the cover slip is added or 
as heat is applied. Since the ones that do not separate might conceivably be 
delayed in development due to chromosomal deficiency, a comparison was 
made between the percentage of spores with diffuse nucleoli in the separated 
or single spores and that in the spores remaining in quartets. On the average 
there was no significant difference. Of 17 comparisons, 6 showed a difference 
of 8 percent or higher, differences being in both directions. Although no diffi- 
culty from this source was indicated on the average, slides showing a high 
percentage of spore separation were in general not used. In the later work, 
the separated spores as well as the quartets were scored to furnish an added 
basis for selection of the slides. 

A few unexpected spore and quartet types were observed. Occasional spores 
expected to have a maximum of two nucleoli were found to have three or 
four. In certain plants, a few quartets were observed in which three spores or 
all four in the quartet clearly had the typical diffuse nucleoli. In one plant 
there was a high but variable frequency of quartets of this type in different 
anthers, occurring in sectors on certain branches. The three anthers of a given 
flower in these sectors were affected to varying degrees some being entirely 
normal. Very early prophase observations on the younger anthers in the same 
flowers offered no clues as to the explanation. Progeny obtained by crossing it 
with a normal plant showed only normal behavior. In certain plants in another 
stock, one or more spores of occasional quartets showed a much reduced 
amount of densely-stained material, this being condensed into a few irregular 
angular bodies not typically nucleolar. No explanation can be offered for this 
type of spore. They were recorded separately as abnormal quartets, but con- 
stituted a low percent. 

In many of the spores expected to have two nucleoli (two spores in the “two 
diffuse” and one in the “one diffuse” class), only one nucleolus was observed. 
There was a wide variation in the frequency of this fusion. It was not a con- 
stant for a given plant or for different plants heterozygous for the same translo- 
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cation. However, within the same slide from a single anther there was a high 
correlation (r=0.80) between the probability of fusion in the “one diffuse” 
and the “two diffuse” classes. 

If chromosomes which cross over pass to the same pole, i.e. if adjacent 2 
segregation may occur following such crossovers (three-strand doubles as 
well as singles), “crossover type” quartets should be observed in which the 
two abnormal spores are on the same side of the first division plane. It was 
found in none of the 381 observed “crossover type” quartets in which the first 
division plane could be distinguished and in which the two nucleoli in the 
second abnormal spore had not fused. Of these, 309 were from T5-6c/+, as 
were part of the data on which McCuintock (1945) based her conclusions. 
In this heterozygote, single and 3-strand double crossovers are estimated 
later to be at least 43 and 20 percent respectively. “Crossover type” quartets 
which have one spore with two nucleoli but in which the division plane was 
not recorded furnish additional evidence. Adjacent 2 segregation following 
crossing over would lead to the two visibly abnormal spores in the crossover 
type quartet being on the same side of the first division plane, while alternate 
and adjacent 1 segregations result in their always being on opposite sides of 
this plane with contiguous and diagonal positions theoretically equally fre- 
quent. If adjacent 2 segregations are frequent following crossing over, the 
class with the two abnormal spores in contiguous position should therefore be 
in excess. For T5-6c/+, three groups of data taken by three different people 
showed a consistent excess of “diagonal,” the total being 2,122 diagonal and 
1,929 contiguous, a highly significant deviation from 1:1, dev./S.E. being 4.3. 
The same was true for 75-6c+/+IJn5a, 1,321:1,143, dev./S.E. being 3.6; 
but not for 75-6c In5a/+In5a, 303:319. The fact that the diagonal class 
was not in excess may indicate that adjacent 2 segregation was not frequent 
following either single or 3-strand doubles in the interstitial segment. How- 
ever, the excess of the “diagonal” class recalls the orientation of crossover 
chromatids in paracentric inversions (BEADLE and STURTEVANT 1935) and 
the excess of asymmetrical post reduction in ascomycetes reported by HAL- 
DANE and WHITEHOUSE (1944). As they suggest, such a result might be ex- 
pected if crossing over tends to produce such an orientation of the crossover 
chromatids which persists through interphase. If the crossover chromatids are 
oriented more often toward the middle non-functional positions in the linear 
quartet of megaspores in species of higher plants, a lower frequency of re- 
covered crossovers in female than in male gametes might be expected. 


3-1 segregation of chromosomes from the ring 


Since the frequency of 3-1 segregation in the ring could account for some 
of the observed pollen sterility (due to abortion of n—1 spores) chromosome 
counts were made at meiosis. In plants heterozygous for T5-6c, counts on 65 
late prophase II diads in which chromosome number could be determined in 
both cells showed only one which probably was a 9-11 segregation. The chro- 
mosome number was counted in 268 separate cells at late prophase II, one 
having 9 chromosomes; one a doubtful 9 and one an uncertain 11. These may 
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not represent 3-1 segregation in the ring, but even if they do the rate was 
very low. 

In plants homozygous for the inversion and heterozygous for T5-6c, 38 
separated cells were counted at late prophase II, all having 10 chromosomes. 
The numbers are inadequate but again indicate the deviation from normal 
segregation is not high at the first division. In neither stock does it appear to 
account for any appreciable amount of pollen abortion. 


Chromosome segregation, spore quartet data 
Group 1—Translocations with one break in the short arm of chromosome 6 


a. with short interstitial segments including T5-6c In5a, T2-6a and T6-10b. 
A summary of the data for these has been presented (BURNHAM 1949), but 
are presented here in greater detail. Plants heterozygous for T5-6c and homo- 
zygous for In5a were produced by crossing a stock homozygous for both 
T5-6c and In5a with one homozygous for In5a. Figure 3 represents the pachy- 
tene configuration, except that both chromosome 5 centromeres are shifted 
to the point near the knob indicated by the left arrow. Figure 4, e and f repre- 
sent the two number 5 chromosomes. The detailed data are shown here in 
table 1, together with the calculated frequencies of the segregation types in 
the non-crossover quartets. The three groups of plants for which sub-totals 
are given in the table were from different crosses of related material. There 
was considerable variation between crosses and between plants from the same 
cross. With one exception, the plants in culture 6,913 showed much lower 
percentages of quartets having one or two “diffuse” spores than did the 
others. The reason for this difference is not known. One plant, 6,913-7, had 
only 41 percent of pollen abortion and consequently a very low calculated 
frequency of adjacent 2 segregation. It was not a 2n+1 plant. As shown ear- 
lier, a low percentage of the abnormal quartets, less than two percent, was 
observed in the homozygous controls, but since the predicted pollen abortion 
probably includes most of these (and in general probably more than indicated 
by the quartet phenotype) no correction was used. Even if the observed 
abortion in the translocation heterozygotes were corrected for the full amount, 
the conclusions would be essentially the same since this would reduce the fre- 
quency of adjacent 2 segregation by only two to five percent. The observed 
frequency of “crossover type” quartets, 10.6 percent for the grand total in 
table 1, is so low that probably no double crossing over occurred. Hence this 
is the percentage of single crossing over in the interstitial segment of chromo- 
some 5, and, as shown in figure 1B, may be the result of alternate or adjacent 
1 segregations following these single crossovers. Since there were probably no 
double crossovers, the “two diffuse” type is the result of adjacent 1 segregation 
in chromatid tetrads which had no crossing over in the interstitial segment. 
There were 27.8 percent of this type. Since the “crossover type” quartet should 
produce two and the “two diffuse” type should produce four aborted spores, 
the predicted pollen abortion for the total of all the data was 33.0 percent. 
The observed pollen abortion was 50.5 (table 1), an excess of 17.5 percent 
which should measure the frequency of adjacent 2 segregation (normal-ap- 
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pearing quartets but all aborted spores). Of the normal-appearing quartets 
1,258 (17.5 percent of 7,189, the total number of quartets) were from adjacent 
2 segregation; and the remainder were from alternate segregation. Of the 
non-crossover quartets, the percentages resulting from alternate, adjacent 1, 
and adjacent 2 segregations were therefore 49.4, 31.0 and 19.6 respectively. 
If alternate and adjacent 1 segregations are assumed to be equally frequent 
following crossing over in the interstitial segment, these values when the 
crossover quartets are included become 49.5, 33.0 and 17.5 percent, respec- 
tively; a small change-in the ratio. The percentage of crossover quartets 
varied from 4.9 to 21.9 percent while the percentage of adjacent 2 segregations 
varied from 4.7 to 28.0. The correlation between the two is —0.77 which, for 
10 comparisons, is highly significant (P=0.01). In other words, the higher 
the frequency of crossing over, the lower the frequency of adjacent 2 segrega- 
tion. In the non-crossover quartets, alternate segregations accounted for about 
50 percent while adjacent 1 and 2 together accounted for the other 50 percent. 
This may be accounted for if for each “open” ring a “zigzag” one is equally 
likely. The average ovule abortion, 49.3 percent, did not differ significantly 
from the observed pollen abortion, 50.5. 

Translocation 2-6a. The spore quartet and pollen data from plants hetero- 
zygous for this translocation are in table 2. Only one percent of crossovers 
in the interstitial segment (probably mainly in chromosome 2) was observed. 
Although this segment in chromosome 2 was considerably longer than in 
T5-6c In5a (as long as 40 percent of the long arm, not less than 30 percent, 
depending on whether the break was near the centromere or near the organizer 
of chromosome 6), crossing over was much lower. The difference between ob- 
served and predicted pollen abortion, 25.9 percent, measures the frequency of 
adjacent 2 segregation. Based on the non crossover quartets, there were 25.6 
percent of adjacent 2, 26.0 percent of adjacent 1 and 48.4 percent of alternate 
segregation. 

Translocation T6-10b. In plants heterozygous for T6-10b (breaks at 6S-0.5 
and 10L-0.58, McCirntrock unpublished), the data in table 2 also show the 
occurrence of both adjacent 1 and 2 segregations, the values being 23.4 and 
19.1 percent, respectively. The ratio of alternate: total adjacent was 58.0:42.1. 
The excess of alternates is significant, and is reflected in a higher percentage 
(57.1) of normal pollen. This may represent an actual excess of alternate 
segregation, although it is possible that the deficiency for 0.5 of the short 
arm of chromosome 6 does not always cause complete abortion. In that case 
alternate segregation may not be much in excess of 50 percent. The percentage 
of crossover quartets, 5.3, was considerably lower than for the heterozygous 
T5-6c¢ stock homozygous for inversion 5a although the relative length of the 
chromosome 10 interstitial segment in T6-10b is roughly twice that in the 
other. Translocation 6-10b may bring about a greater reduction in crossing 
over, or the amount of crossing over per unit length in this region of this 
chromosome may normally be much lower. In these translocations, the inter- 
stitial segment in chromosome 6 where present as in 76-106 and possibly 
T2-6a is so short in relation to the other interstitial segment that little of the 
observed crossing over probably occurred in it. 
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The data thus far presented are in agreement in showing that when the 
interstitial segment is short in terms of a low frequency of crossing over, i.e. a 
high frequency of chromatid tetrads with no crossovers in this segment, both 
types of adjacent segregation occur even though one axis is extremely short 
as in the two T5-6c/+ stocks where the ratio of the two axes is about 1:7.45. 
Since the evidence indicates that chromosomes which cross over pass to op- 
posite poles, the adjacent 2 segregations occurred in the meiocytes having no 
crossing over in the interstitial segment. 

The negative correlation between the frequency of crossing over and that 
of adjacent 2 segregation which was shown earlier for the individual piants 
in T5-6c/+ homozygous InS5a is also shown in the following tabulation from 
tables 1 and 2: 


T5-6c In js 
- 1 2 
In T6-10b T2-6a 
Percent C.O. 10.6 be 1.0 
Percent adjacent 2 17.5 22.0 25.8 


(based on total quartets) 


The differences are not great but are in agreement with this relation. 

Group 1b. Translocations with at least one long interstitial segment; T5-6c, 
T4-6 Li. Similar data on quartets and pollen together with the calculated 
segregation frequencies for plants heterozygous for 75-6c without the inver- 
sion and for 74-6 Li are in table 3. For 75-6c, figure 3 represents the pachytene 
configuration, fig. 4a, 6 the translocated chromosomes. Based on 4,229 quar- 
tets from six plants (three crosses) an average of 62.8 percent were of the 
“crossover type,” the value ranging from 46.4 to 70.6 percent for individual 
plants. There were 742 quartets or 17.5 percent of the “two diffuse” type. 
Since the observed pollen abortion (48.1 percent) was no greater than the 
predicted (49.3), actually a little lower, no measurable amount of adjacent 2 
segregation is indicated. 

The degree of ovule abortion was 47.6 percent, practically the same as the 
observed pollen abortion, 48.1, indicating little if any megaspore competition. 
BRIEGER (1945) has presented what he considers as evidence for such competi- 
tion in corn. 

For T4-6 Li, the average percent of crossover type quartets was 62.6 per- 
cent, and again the predicted abortion was close to the observed 50 percent 
indicating very little adjacent 2 segregation. The high percentage (63) of 
“crossover type” quartets for both translocations indicates that multiple 
crossovers were frequent in the interstitial segment. The frequency of adjacent 
1 segregations cannot be calculated directly, since the “two diffuse” quartet 
is expected following 2-strand and 4-strand doubles as well as from non cross- 
overs (see fig. 1B). For further analysis, an estimate of the frequency of chro- 
matid tetrads with 0, 1 and 2 points of crossing over in this segment is desirable 
but will be attempted only for T75-6c. The genetic length of this segment cor- 
responds roughly to the bm-pr-v2 region, since bm is close to the centromere and 
v2 is between the knob and the end of the long arm (the latter based on un- 
published 75-9a data). In normal material, recombination in the bm-pr 
region is about 23 percent and in pr-v2 about 44 percent with about 8 percent 
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of doubles (EmErson et al. 1935). A higher value (34 percent) in male flowers 
has been reported for bm-pr (RHOADES 1941). A linkage test with semisterility, 
based on small numbers, showed 30 percent recombination with pr. Since 
both regions are long, a total of 10 percent of recovered doubles from the 
pollen seems to be a conservative estimate, even with a considerable reduction 
in crossing over in the region adjacent to the break. No estimate of the higher 
multiples is attempted. Using Sax’s (1932) and WEINSTEIN’s (1929, 1936) 
method of calculating chiasma frequency assuming randomness as to the non 
sister chromatids involved, to obtain 10 per cent of recovered doubles, four 
times as many sporocytes, or 40 percent, must have had two crossover regions 
in the interstitial segment, of which there should have been 10 percent of 2- 
strand, 20 percent of 3-strand and 10 percent of 4-strand doubles. It was 
shown earlier that the chromosomes involved in 3-strand doubles as well 
as in singles pass to opposite poles. What type of segregation follows the 2- 
and 4-strand doubles is not known. However, if adjacent 2 segregation oc- 
curred as frequently following these crossovers as following no crossing over 
(roughly 20 percent), as much as four percent of adjacent 2 might have been 
expected which should have been reflected in higher pollen abortion than that 
predicted. Since this calculation is based on an estimate of the frequency of 
doubles which is more likely to be low than high, it is probable that for all 
double as well as single crossovers the chromosomes which cross over pass to 
opposite poles. This leaves alternate and adjacent 1 as the two possible segre- 
gations following these crossovers. A higher frequency of alternates would, 
if 2-strand and 4-strand doubles were equally frequent, result in an excess of 
“no diffuse” over “2-diffuse” quartets (since with alternate segregation non 
crossover tetrads as well as 2-strand doubles result in “no diffuse” whereas 
only 4-strand doubles result in “two diffuse” quartets, fig. 1B). For T5-6c/+ 
809 “no diffuse”: 742 “two diffuse” were observed (table 3), the excess of 
“no diffuse” not being significant. Although the slight excess is in the direction 
indicating more frequent alternate segregation, it could result also from a 
higher frequency of 2-strand doubles with an equal frequency of alternate 
and adjacent segregation. Since the data for the group 1 translocations reported 
here indicate little or no directed segregation in the non crossover tetrads, 
equal frequencies of the two segregations are assumed following crossing over 
in the interstitial segment. With these assumptions, the observed data in 
table 3 (using the totals) may be used for the following calculations: 














NO TWO ONE 

DIFFUSE DIFFUSE DIFFUSE 
2-strand doubles, 10 percent of 4,229 212 212 — 
3-strand doubles, 20 percent of 4,229 _- - 848 
4-strand doubles, 10 percent of 4,229 212 212 _— 
Total 424 424 848 
Observed (total of 4,229 quartets): 809 742 2,678 


Difference: 385 318 1,830 
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The difference between the number of observed “one diffuse” quartets and 
the calculated number resulting from 3-strand doubles, (2,678 —848 or 1,830, 
i.e. 43 percent) would be the tetrads with one crossover. The differences be- 
tween observed and calculated numbers in the “no diffuse” and “two diffuse” 
classes, 385 plus 318 or 17 percent, would be the no-chiasma tetrads. Thus, 
the percentages of tetrads with 2, 1 and 0 crossovers are estimated to be: 40, 
43 and 17 respectively, or 83 percent for which adjacent 2 segregation would 
not be expected. If 20 percent of the remaining 17 had adjacent 2 segregation, 


TABLE 4 


Counts of frequencies of different types of translocation configurations at diakinesis, 
in T5-6c/+ without the inversion and with it homozygous. 


COLLAPSED 





TWO 
RING FIGURE-OF CHAIN TOTAL DOUBTFUL 
PAIRS 
EIGHT 
T5-6¢/+ 
6899-1,-4,-15 419 26 171 12 628 34 
percent 66.7 4.1 at .2 1.9 
6900-3 ,-6 344 109 236 13 702 120 
percent 49.0 15.5 33.6 Be 
Grand total 763 135 407 25 1330 154 
percent 57.4 10.2 30.6 9 
T5-6c Inv. 5 
+Inv. 5 
6913-4,-7,-12 254 81 233 7 575 100 
percent 44.2 14.1 40.5 | 
6925-9, 6926-8 150 49 234 7 440 32 
percent 34.1 Ma 53.2 1.6 
grand total 404 130 467 14 1015 132 


percent 39.8 12.8 46.0 1.4 





as in the translocations with a short interstitial segment, about three percent 
of adjacent 2 might have been expected. If doubles were higher, as seems prob- 
able, this would be lower. 

The evidence from these two translocations indicates that when most of 
the tetrads have a crossover in the interstitial segment, there is little or no 
adjacent 2 segregation. 

Partially-filled pollen. The differences in segregation between the two 
T5-6c/+ stocks (with and without the inversion) are also reflected in the 
frequencies of partially-filled pollen grains, roughly 25 to 50 percent filled 
with starch. They were clearly distinguishable from the normal class, but a 
few were not as sharply different from the ones classed as empty which oc- 
casionally had scattered starch contents. The data are in column 11 of table 
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1 and column 12 of table 2. In the group carrying only T5-6c, 21.8 percent of 
the pollen were partially filled, while in the group carrying T75-6c but homo- 
zygous for the inversion only 12.9 percent were of this type. It is probable 
that the partially filled pollen is the class deficient only for the translocated 
piece of the long arm of chromosome 5, since it is very short amounting to 
only 11 percent of that arm (a study of the two tertiary trisomics from this 
translocation would check this). In the “two diffuse” quartets two spores, 
and in the crossover type only one should be deficient for this short piece. 
Based on the quartet data in tables 1 and 2, the calculated percentages are 
24.6 and 13.1, respectively which agree rather closely with the observed 
(21.8 and 12.9). 

Diakinesis observations on T5-6c/+ stocks. Data on the various configura- 
tions seen at diakinesis in the two stocks (with and without the inversion) 
should also have a bearing on the problem, unless there is no relation between 
these and the configurations the translocation complex will take as it disjoins 
at late metaphase I or anaphase I. Summaries of counts on the various con- 
figurations at diakinesis in the two stocks are in table 4. In the one homozygous 
for the inversion, there was a significantly higher frequency of chains (46 vs. 
31 percent) and a lower frequency of rings (40 vs. 57 percent). In both, the 
chains were mainly the result of failure to remain associated in the short 
translocated piece of chromosome 5, i.e., the arm opposite the one attached 
to the nucleolus. Of 874'chains in both stocks, one clearly failed to be together 
at the ends attached to the nucleolus and three failed to pair in a long arm 
of the cross. In eight figures, the ring was broken into two “pairs” attached at 
opposite sides of the nucleolus. Others were undoubtedly not synapsed in the 
short arm of chromosome 6, but appeared to be because of their association 
with the nucleolus. At metaphase after the nucleolus is no longer present to 
bind these ends together, the actual number of “pairs” may be much higher. 
The frequency of chains does not seem to be closely related to the frequency 
of crossing over in the interstitial segment: 31 vs. 46 percent of chains re- 
spectively, whereas the corresponding percentages of “crossover type” quar- 
tets were 63 and 11. It is possible that the shift of the centromere to a position 
nearer the translocation point results in reduced crossing over in adjacent 
regions including the short arms which represent the translocated pieces, thus 
accounting for the higher frequency of chains. Evidence for the absence of 
adjacent 2 from chain configurations (in T1-6b, T5-6b and T3-66) will be dis- 
cussed later (tables 5 and 6). The higher frequency of chains in the T5-6c/+ 
stock homozygous for the inversion means a larger number of sporocytes in 
which adjacent 2 segregations probably would not occur. Although the op- 
posite was observed, an exact relationship may not be expected, since only 20 
to 25 percent of the configurations not showing crossing over in the interstitial 
segment appear to be followed by adjacent 2 segregation (table 1). 

At the later stages of meiosis, a comparison of plants heterozygous for 
T5-6c with the inversion homozygous and without the inversion showed the 
former to have a somewhat higher frequency of abnormalities at division I 
anaphases (2.6 vs. 0.3 percent), but a lower frequency at division II (1.3 vs. 














468 C. R. BURNHAM 


6.6 percent). These abnormalities included lagging chromosomes or micro- 
nuclei at division I and lagging chromosomes at division II. No explanation 
for these differences is offered at present. 

Assuming that the above frequencies of the different kinds of configurations 
in the two stocks hold for the later stages (rings might become chains later, 
but the reverse is not expected), the frequencies of the different kinds of segre- 
gations may be calculated. For the chains no adjacent 2 segregation is as- 
sumed. For the rings in which crossing over had occurred, a ratio of 1 alter- 
nate: 1 adjacent J is assumed with no adjacent 2. For the rings without crossing 
over, the percentage of adjacent 2 used is the one observed for 75-6c/+ 
homozygous Jn5a i.e. 19.6..The crossovers are assumed to be equally divided 
between the rings and the chains and “pairs.” The calculated results are the 
following (75-6c/+ is omitted since no adjacent 2 segregation was observed): 











TOTAL ALTERNATE ADJACENT ADJACENT 
PERCENT 1 2 
T5-6¢ InSa rings and collapsed figure 
TInda of eights 
Tinse (without c.0.) 47.3 23.6 4.0 19.6 
(with c.o.) BS > ey 2.7 0.0 
chains and pairs 
(with or without c.o.) 47.4 23.7 px | 0.0 
Total 100.0 50.0 30.4 19.6 


r ee SS - ee —— - —— 





If alternate segregations occur in 50 percent of all tetrads and the adjacent 
2 segregations occur only from rings in which there has been no crossing over 
in the interstitial segment, then adjacent 1 segregation from the rings in T5- 
6c/+ is very low, only 6.7 percent. This may be due to the high frequency of 
chains in T5-6c. In T2-6a with a higher frequency of rings, adjacent 1 segrega- 
tion from the rings should be more frequent. 

The differences in segregation between the two stocks of T5-6c/+, one 
homozygous In5a, the other lacking it, were achieved without any change 
in relative lengths of the two axes, the only difference being in the length of 
the interstitial segment. In a preliminary report (BURNHAM 1945), the dif- 
ferences in segregation between them were interpreted as due to a centromere 
effect. Its importance is now interpreted to be in determining the length 
of the interstitial segment and consequently the amount of crossing over there. 


Group 2. Translocations with the break in 6 in the long 
arm or in the satellite® 


In this group, the “two diffuse” type of quartet results from adjacent 2 
segregation, whether or not crossing over has occurred in an interstitial seg- 


8 The assistance furnished by the Biology Department of the CALIFORNIA INSTITUTE OF 
TECHNOLOGY which made the completion of these data possible is gratefully acknowledged. Mr. 
T. Gisu aided in the spore and pollen counts. 
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ment (fig. 2). All quartets and separated spores were recorded, the latter 
being scored as having diffuse or non-diffuse nucleolus material. An attempt 
was made to examine enough quartets to determine the frequency of the “one 
diffuse” class which might arise from certain of the possible 3-1 segregations. 
Table 5 summarizes the data for twelve translocations in which both inter- 
stitial segments are probably genetically short, while table 6 summarizes the 
data for nine in which one or both segments are long. Included are the breakage 
point locations and pollen abortion data as well as the spore and quartet 
counts. The aborted class includes the partly filled pollen grains. The per- 
centage of adjacent 2 segregation was calculated by doubling the observed 
percentage frequency of diffuse-nucleolate spores (including quartets as well 
as separated spores), since two of the four spores from the “two diffuse” quar- 
tets would be scored as “non-diffuse.” This value is in error by half the fre- 
quency of “one diffuse” quartets, but even in 74-66 with 3.4 percent of “one 
diffuse” quartets (table 6) the error is relatively small. With the exception of 
T1-6b and T5-6b which form only chains, and are considered below, the 
translocations in table 5 had relatively large amounts of adjacent 2 segrega- 
tion, ranging from 14 to 36 percent, with an average of 25 percent. The large 
differences between them may be due to differences in frequencies of crossing 
over in the interstitial segments as already shown for the group 1 transloca- 
tions. Unfortunately crossovers can not be determined cytologically in this 
group. 

Samples for pollen abortion counts were not available for all the transloca- 
tions, but those obtained do not deviate very widely from 50 percent of normal 
pollen this being the percentage of alternate segregation (except 71-66 and 
T5-6b which are considered below). In no case is there higher pollen fertility 
which might indicate directed segregation. The difference between the ob- 
served percentages of adjacent 2 segregation and of pollen abortion should 
represent the frequency of adjacent 1 segregation. On this basis, adjacent 1 
segregations probably ranged from 36 to 14 percent for the different transloca- 
tions, with an average of 25 percent. 

The two exceptions in table 5 are T 1-6) and 75-66 with very little adjacent 
2 segregation, 0.07 and 0.3 percent respectively. In both, the break in chro- 
mosome 6 was in the satellite, the heterozygotes always showing chains at 
meiosis due to failure of synapsis of the satellite arm of the pachytene “cross.” 
Making allowance for the fact that their low sterility is due to the non-abortion 
of one class of deficient spores, there was probably about 50 percent of adjacent 
1 and 50 percent of alternate segregation in T/-66 and 45 and 55 percent in 
T5-6b. Cytological observations on TJ-6b/+ at metaphase I also indicated 
that the only type of adjacent segregation which occurred was that in which 
two chromosomes, one at each end of the chain, passed together to the same 
pole i.e. adjacent 1 (BuRNHAM 1932b). In TJ-66 and T5-66, the interstitial seg- 
ments are so short, the translocated piece of 1 and of 5 respectively being 
long, that little crossing over is expected. In rings with short interstitial seg- 
ments, an average of 25 percent of adjacent 2 segregation was observed, 
whereas in chains with short interstitial segments there was very little. Similar 
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results have been reported by McCurntock (1934) for T6-9a (breaks in the 
nucleolar organizer of 6, and 0.3 of the long arm of 9) with more than 50 per- 
cent of chains and a short interstitial segment. By cytologically identifying 
the chromosomes in the microspores, she determined that adjacent 2 segrega- 
tion was infrequent and that one of the two classes of spores from adjacent 
1 segregation occurred in 25 percent of the spores, i.e. a total of about 50 
percent of adjacent 1. Less than ten percent of adjacent 2 segregations might 
have been expected based on the frequency of rings. However, rings were the 
result of association in the arm of the “cross” consisting of part of the nucle- 
olar organizer plus the satellite, and may not have been comparable to the 
association which normally. makes up an arm of a ring. Chains, at least those 
involving chromosome 6, appear to form a special group in which adjacent 2 
segregation is rare in spite of the presence of short interstitial segments. 

Table 6 includes nine translocations in which either or both interstitial 
segments are probably long enough to permit a high frequency of crossing 
over. With one exception the frequency of adjacent 2 segregations was low, 
the average of all being 4.8 percent. The value for T2-6 (6049) was also high 
but the 17.4 percent value for T6-8a was the only one which overlapped those 
in table 5. The difference between T6-8a and T6-8(D-1) with 1.1 percent 
cannot be explained since the breaks were in about the same positions. Quartet 
counts on another culture of T6-8a/+ gave 8 percent for one plant and 12 
for another. Further studies are in progress to determine if some extraneous 
factor is present in certain plants. 

Since in the translocations listed in table 6 either or both translocated pieces 
were relatively short (as evidenced by higher percentages of partly filled pol- 
len), higher frequencies of chains or of “pairs” are expected. Adjacent 2 
segregations should not occur from the “pairs” since they result from failure 
of association in alternate arms, i.e. the two translocation arms of the cross. 
No observations were made on the frequencies of rings, chains and “pairs” 
for the translocations in table 6, but it is certain that many of them had a 
frequency of rings sufficiently high to make crossing over in the interstitial 
segment the factor which decreased adjacent 2 segregation. 

The 3-65 translocation with one break in the satellite (25 percent pollen 
abortion) furnishes evidence on the segregation from chains. For this heterozy- 
gote CLARKE and ANDERSON (1935) reported 31 percent of chains at diakinesis, 
the remainder being “pairs.” In the later cross used for these studies, 18 percent 
of chains were observed, and no adjacent 2 segregation (table 6). 

One other translocation, not listed in table 6, with a break in the satellite 
and a long interstitial segment, 5-6 (A75) with breaks at 5 S-O.54 and 6 sat. 
also showed no adjacent 2 segregation. A similar lack of this type of segregation 
was found for the chains in T5-6c (table 3), (30.6 percent of chains observed 
at diakinesis, table 4). 

No estimate of the frequency of adjacent 1 segregation in the translocations 
in table 6 can be made, because of the unknown frequency of crossing over in 
the interstitial segments which give rise to “no diffuse” quartets with two 
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normal and two abortive spores. The data in tables 1 to 6 indicate that in 
rings the length of the interstitial segment is an important factor in determin- 
ing the frequency of adjacent 2 segregation. Chains form a special group in 
which adjacent 2 segregation is rare, no matter how little or how much crossing 
over occurs in that segment. 

In most of the translocations studied the lengths of the two axes were nearly 
equal or the axis carrying the two centromeres was considerably longer, for 
example, the centromere-carrying axis comprised more than 90 percent of 
the total length in T5-6c, 3-6, and 5-6 (Bikini 3063). In thfee, T3-6a, 6-9b 
and 6-9 (A66), it was considerably shorter, with 34, 38 and 37 percent respec- 
tively of the total length; yet the percentages of adjacent 2 segregation, 25, 
27 and 36 respectively (table 5), were similar to the others. Therefore the 
presence of the centromeres on the short axis does not upset the relation be- 
tween interstitial segment léngth and adjacent 2 segregation. 


Correlation between segregation and lengths of other chromosome segments 


Crossing over in other segments might be expected to be important also. 
The correlation coefficients between the frequencies of adjacent 2 segregations 
and the lengths of chromosome segments, or ratios of these lengths, were 
calculated for 24 translocations. Only the one with the length of the longer 
interstitial segments, r= —.509+.183, approached significance at P=0.01; 
that with the total length of the interstitial segments, r= —.375+.198, 
approached significance at P=.05; that with the total of the non-translocated 
arms was negative but low and not significant. Except in special stocks in 
which the centromere is shifted by means of an inversion (as in the two 
T5-6c stocks reported here), the total length of the interstitial segments de- 
creases as the total length of the translocated pieces increases. Since the other 
ratios of lengths are affected by this relationship, only correlation values 
above those for interstitial segments would indicate a similar effect of the 
lengths of other segments. Since all the other values were lower, although a 
few were significant or approached P=.05, it appears that the frequency of 
crossing over in the other segments is not important in determining segrega- 
tion in maize translocations, unless they have an opposite effect. 


DISCUSSION 


Several studies of chromosome segregation in translocations in Drosophila 
melanogaster have been made, using the cross of heterozygote X heterozygote 
with marker genes to permit recognition of the segregation types. Deficiency- 
carrying gametes unite with complementary duplication-carrying ones to 
produce viable zygotes. To permit comparisons, the published frequencies 
from those experiments have been recalculated in terms of gametic frequencies 
representing the different kinds of segregations. Corrections were made for 
differences in the number of combinations expected to survive and for over- 
lapping phenotypes. The square roots of these figures are given as the gametic 
frequencies for a given segregation on the assumption that the actual fre- 
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quencies were the same in co’ and Q (this may not be true, as will be shown 
later). The breakage positions and the calculated gametic frequencies are 
summarized below: 





CALCULATED GAMETIC 
BREAKAGE POSITIONS EGG COUNTS 
RATIO IN PERCENT 


TRANS- CHROMO- 
LOCATION SOMES . . is . a a —<* a a_i. * i js ee ee aks 
— aes ALTERNATE ADJACENT NXT/+(e%) T/+XN 
CHROM. CHROM. 
A (D&S) 2-3 near near 
centromere centromere es 3: 2 60 
C (D&S) 2-3 near near 
centromere centromere 66 : = 60 
B (D&S) 2-3 near b near 
centromere os < ww ¢ 2 48 
E (D&S) 2-3 farther out farther out 
on arm on arm a 49 : 0O — 
Pipkin 2-3 near near 
centromere centromere SD 3: 33 3: & 57 53 
V3 (Glass) 2-3 near end near 
centromere mm ¢ as: @ 
V4 (Glass) 2-3 near end near 
centromere $$: 45 : 0+ 
V5 (Glass) 2-3 near end near 
centromere we 3 48 : 3 
V5/Grape 2-3 X2-3 near end both near 
(Glass) centromere ef : os BA 
(In LXIn R) 

No. 8 Brown 3—4 L 0.23 — 60 : 32 x 48 58 
36 Brown 3-4 L 0.01 = i 27 3 53 61 
31 Brown 3-4 L0.0 _— 68 : 28 4 52 70 
27 Brown 3-4 R0.02 -- te 25 3 47 64 

9 Brown 3-4 R0.35 — $9 : 39 2 47 60 
2 Brown 3-4 2 48 62 


R0.68 — > a 47 





Of the 2-3 translocations, A and C reported by DoBzHANSKY and STURTEVANT 
(1931) and the one by Pipkin (1940) showed relatively high frequencies of 
both types of adjacents while E showed only one type. As in the corn translo- 
cations these differences are associated with the presence of short vs. long 
interstitial segments. PrpKIn, however, based on calculations of chiasma 
frequency from the genetic data, concluded that the adjacent 2 segregations 
came from chain configurations. The chain-forming corn translocations re- 
ported here had few or no adjacent 2 segregations. In maize, similar data are 
needed on chain-forming translocations not involving chromosome 6. Although 
translocation B had a longer interstitial segment, little crossing over is ex- 
pected in it; hence it appears to be an exception since it produced only one 
type of adjacent. Also in A, C and in PrpK1n’s 2-3 translocations there was a 
definite excess over 50 percent of alternate segregation (B was high also, but 
was also higher than the others in adjacent 1). In Drosophila, if both translo- 
cated pieces are long as in these, the greater opportunity for crossing over in 
them seems to permit the ring to take a zigzag orientation more frequently. 
This does not occur consistently if at all in the corn translocations reported 
here. These in corn may not be comparable, since only one interstitial segment 
was long. The translocations reported by Grass (1935) had at least one long 
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interstitial segment and a few adjacent 2 segregations, agreeing with the 
results for the corn translocations of similar type. In those reported by Gass, 
chain configurations should have been frequent, another possible reason for 
few adjacent 2 segregations. In his experiments the female parent carried 
inversions in chromosomes 2 and 3 while the male did not. The V5/Grape 
cross gave different results, interpreted as being due to an effect of equal axis 
lengths, but it was also the only cross in which both parents carried inver- 
sions. Such a use of inversions to “eliminate crossovers” is of doubtful value, 
since in many cases only the genetic recombinations are eliminated, cytologi- 
cal crossing over approaching normal or only somewhat reduced (BEADLE 
and STURTEVANT 1935). 

A meiocyte with single crossovers or 3-strand doubles in the interstitial 
segment produces simultaneously in equal proportions the four types classified 
genetically (by the method used in Drosophila) as resulting from alternate as 
well as adjacent 1 segregation. This is true whether the chromosome segrega- 
tion following these crossovers is all alternate or 1 alternate:1 adjacent 
(see fig. 1A, B). The actual type of segregation cannot be determined from 
these Drosophila or maize experiments for those with long interstitial seg- 
ments. 

Those reported by Brown (1940) involved the very short chromosome 4, 
and may belong to a special class. Here two adjacent arms of the possible 
4-armed cross in the heterozygote were short. Adjacent 2 segregation was low 
in all (only one with as much as 8 percent), but there was a wide range of 
alternate segregation. The shorter the translocated piece of 3 (likewise the 
longer the interstitial segment) the nearer to 1:1 was the ratio of alternate: ad- 
jacent 1 segregation. This latter may be due to the greater frequency of cross- 
over tetrads as pointed out above. As the translocated piece increased in 
length (the shorter the interstitial segment) the frequency of alternate segrega- 
tion increased and that of adjacent 1 decreased, the extreme being 72 percent 
of alternate and 25 percent of adjacent 1. BRowNn suggested that this may be 
explained if at pachytene the two parts of chromosome 3 pair with the normal 
3 and segregate from it (the same result as from alternate segregation). The 
more nearly equal are the translocated and non-translocated pieces, the higher 
the expected frequency of this behavior. Translocations of this type might 
be expected to behave differently from rings, chains with one short translo- 
cated piece, or chains and “pairs” resulting from two short translocated pieces 
(alternate arms of this latter “cross” at pachytene would be short). She also 
determined that in the adjacent 1 type in comparison with the completely 
disjunctional types, crossing over was greatly reduced in the translocated 
piece, this being the arm which underwent non disjunction. Those with cross- 
overs in this arm were therefore more likely to be followed by alternate 
segregation. 

The interpretation of the results from mating translocation heterozygotes 
might be complicated in Drosophila by the fact that there is no crossing over 
in the male. Both sexes must produce the same class of adjacents if there are 
to be offspring of that class. The calculations assumed similar frequencies in 
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the two sexes. If the relation between chromosome segregation and crossing 
over holds, then in the male Drosophila with no crossing over all translocations 
should produce both kinds of adjacents-and with similar frequencies. The 
segregation in the female should differ depending on the crossover length of 
the interstitial segment. Egg counts from reciprocal crosses between normals 
and translocation heterozygotes might give some information on this point, 
but there are only a few published data for reciprocals (see above summary). 
In that case, differences between translocation heterozygotes when tested as 
males should not be expected, but the egg counts on DOBZHANSKY and Stur- 
TEVANT’s A and C did differ from those on B in crosses of N with T/-+ males. 
In Prekin’s 72-3, there was a relatively small difference between tested males 
and females, and none would be expected. In BRown’s translocations, the tests 
of males showed uniform values of about 50 percent mortality. In the tests of 
females there was some variation, but all showed higher percentages of 
survival. This seems to indicate differences at least in this class of transloca- 
tions in segregation between male and female translocation heterozygotes. As 
suggested by StuRTEVANT, the earlier work on Drosophila translocations may 
have been complicated by other factors, as for example inversions, the high 
frequency of which was not realized until the salivary chromosome technique 
was discovered. 

One unsolved problem is that posed by certain plant species which regularly 
show alternate segregation in translocation rings. In Datura, BLAKESLEE et 
al. (1937 and earlier) have reported rings with and without sterility. In Oeno- 
thera, as CLELAND (1936, p. 326) states it, at meiosis “adjacent chromosomes 
are separated to opposite poles in a very large majority of the cells,” and 
(1929, p. 319) that even in the 10 or 20 percent having irregularities most of 
the chromosomes are arranged in the zigzag manner at metaphase I. It is also 
apparent that those Oenothera translocations which have survived in evolution 
have short interstitial segments, either physically short or if longer have little 
crossing over due to heterochromatin (MARQUARDT 1948). EMERSON (1936) has 
shown that certain of them do have differential segments which are short in 
terms of genetic crossing over, others have no such segment (or at least ex- 
tremely short). Since no marked differences in chromosome length are ap- 
parent even in the large rings, it has been concluded that the pieces translo- 
cated have been of approximately equal length. This, combined with the lack 
of differential segments in the larger rings indicates that the breaks are nearly 
median in the translocations which have survived (the centromeres are also 
approximately median). That translocations with a long interstitial segment 
may occur in Oenothera has been shown by X-ray treatment. CATCHESIDE 
(1935), by X-ray treatment of Oe. blandina, an Oe. Lamarckiana segregate 
with seven pairs, produced two such translocations, B having 23 percent and 
E 49 percent of pollen abortion. He suggested that the abortion might be due 
to a pollen lethal, but translocation B was later reported to have been estab- 
lished in homozygous condition (CATCHESIDE 1939), E was not (8 normals 
tested according to a private communication). According to his published re- 
port (1935), limited observations indicated alternate orientation in all. If this is 
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true in spite of differences in breakage point positions, then it must be concluded 
that genes control the type of orientation. In Oe. Hookeri, MARQUARDT 
(1948) reported X-ray induced translocations with frequent chain configura- 
tions and “pairs” accompanied by pollen abortion. He also noted that crossing 
over in interstitial segments results in quartets with 50 percent spore abortion 
even with alternate segregation. 

SmiTH (1948) has pointed out also that zigzag configurations in the rings 
showing crossing over in the interstitial segment would still result in 50 percent 
of ovule or pollen abortion. To extend this further, it would be possible for a 
species to have only alternate segregation and yet approach 50 percent of 
pollen abortion if most sporocytes had at least one crossover in the interstitial 
segment, assuming that chromosomes that cross over pass to opposite poles. 
The single crossovers and 3-strand doubles give this result directly. With 
alternate segregation 2-strand doubles result in quartets with all normal 
spores and the 4-strand doubles result in quartets with all abortive spores, but 
the two together should give 50 percent abortion if they are in the random 
1:1 ratio (fig. 1B). 

In the reports on translocations in other species there is no information on 
the lengths of the interstitial segments. Only a few which attempted to analyze 
the segregations are considered here. 

In Tradescantia edwardsiana SAx and ANDERSON (1933) reported a translo- 
cation in which rings were rare and 15 percent were separate pairs. As in 
Drosophila, chiasmata at the ends (or in the translocated pieces) in the ring 
configurations were more likely to permit an alternate orientation of the chro- 
mosomes. A translocation in T. reflexa with rings more frequent than chains 
had 83 percent of adjacent segregation. They also reported data on the 
Rhoeo ring indicating only 21 percent of alternate orientation, the remainder 
being made up of different types of single and double non disjunction. In a 
translocation complex of four chromosomes in Campanula persicifolia, GAIRD- 
NER and DARLINGTON (1931) reported the percentage of alternate orientations 
was somewhat in excess of 50, but both types of adjacents occurred in rings 
as well as in chains. 

SmitH (1936) reported a ring of four chromosomes in a cross of Triticum 
monococcum XT. aegilopoides. In F2 most of the normals as well as the ring- 
formers had less than 10 percent of aborted pollen. At late metaphase, he 
reported “open” and “zigzag” configurations in about a 1:1 ratio. Sterility as 
low as that is difficult to explain, since the “open” rings would be expected to 
result in abortive combinations, unless previous crossing over had occurred 
in an interstitial segment, and then would not be expected to be lower than 
25 percent. 

In an unequal translocation, SmirH (1939) reported only 11 percent sterility 
with possibly 93 percent of zigzag orientation as indicated by the frequency of 
deficiency-duplication plants. 

THOMPSON and THompson (1937) and THompson and HutcHESON (1942) 
reported seven different translocations in T. monococcum and two in T. durum, 
all of which had very low pollen abortion. Three of those in monococcum had 
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three to eight percent more pollen abortion than did the normals. The majority 
were described as having equal arms in the pachytene cross and long pieces 
exchanged, consequently short interstitial segments. One with a short translo- 
cated piece (probably indicating a long interstitial segment) was reported to 
have low sterility, but the amount was not reported. . 

In barley (the Mars variety of H. vulgare), only plants with pollen sterility 
(descendants of X-rayed seeds) have been examined cytologically (BURNHAM 
unpublished). Those with a single ring of four chromosomes vary in pollen 
abortion from about 14 to 58 percent. The range in sterility might be due to 
differences in the proportions of open and zigzag rings, or to differences be- 
tween them in the amount of crossing over dependent on differences in length 
of the interstitial segments. If barley has a genotype for regular zigzag orienta- 
tion at metaphase I, rings with little or no sterility would be expected, i.e. 
those with genetically short interstitial segments. Lines with normal pollen, 
sibs of those in which the translocations were first identified, are being ex- 
amined but thus far all have had 7 pairs of chromosomes. One of the points of 
difference between the “Maize” and “Oenothera” types of ring behavior 
listed by THompson and HutcHESON (1942) is that in corn there are numerous 
intercalary chiasmata while in Oenothera and wheat most are terminal. This 
does not appear to be true of all the corn chromosomes. They interpreted a 
statement of ANDERSON’s that by diakinesis only the ends of the chromosomes 
are associated as meaning that “open” flat rings are characteristic of diakinesis 
in maize translocations, implying an earlier and a different type of opening 
out than in wheat. However, zigzag and open rings are found at diakinesis in 
maize, as shown in table 4 in this paper. Another point of difference listed is 
that in most chromosomes of maize the centromeres are not median and the 
chromosomes are long; while in wheat and Oenothera the centromeres are 
median and the chromosomes are short. In corn, chromosomes 1 and 5 which 
are nearly equal-armed, are involved in several translocations with breaks at 
widely diverse points yet all appear to show the usual 50 percent of pollen 
abortion. A similar test in the short chromosomes (e.g. 9 and 10) of corn is 
lacking. In the two T5-6c stocks reported here, pollen abortion remains the 
same although segregation is very different in the two stocks. 

A search for genes which may bring about directed segregation is being made 
in crosses between maize of different origins and a tester translocation with 
short interstitial segments. 

Data from plants heterozygous for T5-6c and also for Jn5a will be reported 
later. 

SUMMARY 

1. This paper presents a study of chromosome segregation in 27 translocation 
heterozygotes involving chromosome 6 in corn. Certain segregations can be 
recognized by the nucleolar make-up of the spore quartets or by differences 
between predicted and observed pollen abortion. In translocations with the 
break in the short arm of chromosome 6, crossing over in the interstitial seg- 
ments results in a distinctive quartet type. 

2. Three translocation heterozygotes, (2-6a, 6-10b, and T5-6c homozygous 


ed 
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for inversion 5a) with short interstitial segments (1.0, 5.3 and 10.6 percent re- 
spectively of crossover type quartets), had the following percentages of alter- 
nate: adjacent 1 (homologous centromeres disjoin) : adjacent 2 (non disjunction 
of homologous centromeres): for T2-6a, 48:26:26; for T6-10b, 58:19:23; for 
T5-6cIn5a, 50:31:19. 

3. For individual plants in T5-6cIn5a, there was a high negative correlation 
(r= —0.77) between the percentage of crossover type quartets and the fre- 
quency of adjacent 2 segregation. 

4. Two translocation heterozygotes, T4-6 Li and T5-6c, had a long inter- 
stitial segment (63 percent of crossover quartets in each), and very little 
adjacent 2 segregation. The difference between T5-6c and T5-6cIn5a was only 
in the length of the interstitial segment, axis lengths and arm lengths of the 
pachytene “cross” remaining the same. 

5. For translocations with the break in the long arm of chromosome 6: 

a. A group of ten with short interstitial segments had 14 to 36 percent of 
adjacent 2 segregation, the average being 25. 

b. A group of nine with at least one long interstitial segment had an average 
of 5.4 percent of adjacent 2 segregation. One, T6-8a with 17.4 percent, over- 
lapped the other group. 

6. Four chain-forming translocations, two with short and two with long 
interstitial segments, had very low frequencies of adjacent 2 segregation. 

7. In T5-6c/+ with a high percent of crossover quartets having two normal 
and two abortive spores, ovule and pollen abortion were about equal indicating 
no megaspore competition. 

8. Relative lengths of the two axes is not a factor determining segregation. 
The segregations are similar whether the centromeres are on the shorter or the 
longer axis. 


General Conclusions 


1. In corn, at least for translocations involving chromosome 6, the following 
relationships between crossing over in interstitial segments and chromosome 
segregation in translocation heterozygotes are found: 

a. In rings, low crossoyer frequency (short segments) is accompanied by a 
high frequency of adjacent 2; while high crossover frequency (long segment) 
is accompanied by a low frequency of adjacent 2 (little or none). The evidence 
indicates that when chromosomes cross over in the interstitial segment they 
pass to opposite poles, and that adjacent 2 segregation occurs only when 
there has been no crossing over. 

b. In chains, on the other hand, little or no adjacent 2 segregation occurs 
in any of the translocations, no matter how short the interstitial segment. 

2. It is suggested that directed segregation in translocation heterozygotes 
may be genetically controlled, the amount of spore abortion in such a species 
depending on the frequency of crossing over in the interstitial segment. 
Genetic recombination in such a species as pointed out by Lamm (1948; 
quoting Tometorp) may be greatly reduced, since single crossovers and certain 
of the multiples are not recovered following alternate segregation. This does 
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not account for al] the reduced crossing over in corn translocations, since there is 
no evidence of any great amount of directed segregation. In the search for 
such genes in corn, translocations with short interstitial segments should be 
used. 
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HE inheritance of self-incompatibility in diploid guayule (Parthenium 

argentatum Gray) can be studied with relative ease because crosses are 
either compatible or fully incompatible; no kind of pseudofertility obscures 
the clear-cut results as in so many other species (GERSTEL and RINER 1950). 
Furthermore, guayule is a perennial shrub and several generations can be 
made to flower at the same time. This species also offers a novel type of self- 
incompatibility which differs basically from the widespread scheme found 
in Nicotiana alata and from those of almost all other investigated species 
(reviewed by Stout 1938), as will be shown in the following. 

This became clear at the onset of the present study when it turned out that 
certain mother-progeny pairs, then available, were reciprocally cross-incom- 
patible. Because these findings could not be reconciled with a system of a 
single series of oppositional alleles of the nature found in Nicotiana, Trifolium 
and others, the problem was studied in detail. 


METHODS AND MATERIALS 


The incompatibility reactions reported in this paper were mostly observed 
by means of microscopic examination of pollen tubes in stigmata one to two 
hours after pollination. They were stained in lactophenol with acid fuchsin and 
light green. For a detailed account of the techniques employed and a descrip- 
tion of the behavior of compatible and incompatible pollen see GERSTEL and 
RINER (1950). It was found that after compatible crosses pollen tubes can be 
located in the stigmata while they fail in the incompatible ones. 

Seed fertility counts (table 3) were based on the number of achenes found to 
contain filled seeds after soaking and dissection. This criterion, rather than 
germination figures, was employed because the latter are highly variable in 
guayule and subject to physiological complications; the percentage of filled 
achenes gives a good estimate of potentially germinable seed (BENEDICT and 
RoBINnson 1946). Many of the filled seed samples reported were germinated, 
however, and gave fair to good germination. 

No emasculation was practised as in all previous work on self-incompatibility 
it was concluded that compatible pollen of the same species? does not stimulate 
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MEMORIAL Funp. 
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? Not so for pollen of “fairly closely related species” which in Madia apparently stimulates 
the own pollen of a self-incompatible plant to function (CLausEN, Keck and Hirsey 1945). Ob- 
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incompatible pollen to function. In guayule, crosses between an unemasculated 
homozygous recessive “xanthous” type and “normal” as the male also in- 
dicated that there is no stimulation of incompatible by compatible pollen 
within the species (unpublished). 

The diploid (2n=36) parent plants numbered SP-1 to SP-15 were selected 
from a planting made by the late Dr. W. B. McCattoum, in which they oc- 
curred intermingled with polyploid plants. They were dug and planted in 
movable wooden boxés. It is not known to what extent these plants were 


TABLE 1 


Com patibilities and incom patibilities in crosses between sibs ex SP-8XSP-7 
and their parents. 
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— Entries denote that of at least seven stigmata pollinated, none showed any tubes (very exceptionally 1 or 2 tubes 
occurred, contaminants or mutants). 

+ Entries were made after at least seven stigmata had shown tubes in any given cross. (The minimum of tubes was 
three, but almost always their number was too large to be counted. Failures, in addition to seven positive results oc- 
curred). 


genetically related to each other, nor from which part of the “guayule belt” 
of Texas or Old Mexico their progenitors had come. The diploids IV-P and 
IV-F were a mother-offspring pair from an accession (A-4255) collected by 





servations in the following genera may warrant a similar interpretation: Veronica (ZAMELIS and 
ME LDERIS 1932), Galium (FAGERLIND 1937), Taraxacum (GusTAFsson 1937), Primula (ERNST 
1944), and Calamagrostis (NyGREN 1946). The behavior of guayule is under investigation. 
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Dr. LERoy Powers in the State of Durango, Mexico. The mother, IV-P, was 
homozygous recessive for “xanthous” and the offspring heterozygous and thus 
presumably an outcross with an unknown normal male (GERSTEL 1947). 

In the progeny cultures from the crosses SP-7 XSP-8 and its reciprocal 
(tables 1-4) all the survivors were studied and no selection ‘exercised. Tetra- 
ploids were obtained from the cross SP-8 XSP-7 by colchicine treatment (de- 
scribed by GERSTEL and RINER 1950). There were 82 survivors of the treat- 
ment. The first ten tetraploids to come into bloom were used for incompatibil- 
ity analysis (tables 4, 5). About six more tetraploids were recognized later, the 
remaining plants being diploids, but their incompatibility reactions were not 
studied. The chromosome numbers of the ten plants used were ascertained by 
PMC smears to be 72 in each instance and throughout the pollinations all 
pollen was carefully measured to avoid the diploid branches which some of the 
plants possessed. 

For the second generation from SP-8XSP-7 (table 7) a greater number of 
plants was grown in flats, but only 12 plants from each culture were trans- 
ferred to large crocks for analysis (some died later; 13 plants used in one 
instance). Selection was avoided by using solid blocks of plants from the flats. 
Exceptions were nine albinos which eliminated themselves from a number of 
flat cultures before transplanting (in cultures 94, 98, 100, 116) and two 
dwarfs which were potted separately and then bloomed only sparingly, with 
abnormal flowers, during the testing period (culture 94). The remaining 
surplus was kept in a dormant state and several replacements were drawn 
from this reserve. 

In the two reciprocal progenies from parents SP-3 and SP-6 (table 8) a num- 
ber of plants were picked for use without any intended selection but also with- 
out regard for randomization procedures. 

Therefore, the cultures were not entirely random lots, but it appears im- 
probable that the composition of the cultures with respect to their incom- 
patibility factors was affected. 


RESULTS 


Plants SP-7 and SP-8 were grown together in an isolated plot at STANForD 
UNIVERSITY in 1947. In the late fall of 1947 progeny cultures were grown of 
seed harvested from these two plants representing the reciprocal crosses 
SP-7 XSP-8 and SP-8 XSP-7. 


Family SP-8 XSP-7 


The most intensely studied progeny was from the cross SP-8 9 XSP-7¢% 
(table 1, culture 75). Eighteen of the twenty sibs were tested for self-incom- 
patibility and in each case their own pollen failed on their stigmata. Next, 
practically all twenty sibs were tested reciprocally with both parents. The 
results clearly indicated the existence of four classes: 

Pollen of the parent SP-7 produced tubes in the stigmata of all the plants 
placed in classes A and B, but the pollen of A and B failed in the reciprocal 


cross back to SP-7. Members of these two classes could be distinguished, how- 
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ever, from each other in tests with the SP-8 parent; AXSP-8 were incom- 
patible in reciprocal] tests while B X SP-8 were reciprocally compatible. 

Classes C and D were not crossable with SP-7 either way, but could be 
separated by testing with SP-8: C pollen functioned on SP-8, but SP-8 pollen 
failed on C stigmata; D was reciprocally compatible with SP-8. 


TABLE 2 


Number of plants in each incompatibility group 








CROSS A B & D TOTAL 
SP-8XSP-7 7 5 6 2 20 
SP-7XSP-8 3 3 1 3 10 
4n(SP-8 XSP-7) 2 1 6 1 10 

Total 12 9 13 6 40 


Chi square=3.0 df=3 wr > is 





By this method seven sibs were placed in class A, five in B, six were C, 
and two D (table 2; the chi square test, applied to the total from this and two 
additional cultures, indicated that the classes could be equal). Subsequent 
tests (table 1) revealed that sibs belonging to the same class were always cross- 
incompatible. There were also cross-incompatibilities between certain classes. 
All members of class A were incompatible with all members of class B, and, 
similarly, members of class C were incompatible with those of D. 

Crosses between members of the following classes were found to be recipro- 
cally compatible: A with D; B with C and with D. Crosses between classes A 
and C gave different results, depending on which parent was the male: if 
pollen from A plants was used on C stigmata no tubes resulted, whereas they 
did in the reciprocal crosses. 

Practically all possible cross-pollinations between parents and sibs and 
between sibs were made, but only those cases where at least seven positive 
results or seven negative results had been obtained were entered in table 1. 
The units for these counts were the individual stigmata, and as a flower head 
has five stigmata this insured that at least one repetition of each test had been 
made. The number of tubes required for “+” were at least three in a given 
stigma, but usually their number was very much larger. Failures and low tube 
counts occurred quite frequently in crosses between compatible plants, in 
addition to the positive results, but their distribution was erratic and therefore 
not indicative of any “weak” compatibilities. 

Very rarely one, or still more rarely two tubes could be observed in the 
crosses tabulated as “—”; these may easily be ascribed to contamination or 
perhaps mutation. Among the large number of tests which were not entered 
in table 1 because their number fell short of seven none gave positive results 
where negative ones were expected. 

Crosses to yield seed (table 3) were made between all but one of the com- 
binations which had given positive pollen tube tests and were therefore ex- 
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TABLE 3 


Percentages of filled achenes from crosses between members of the 
various classes and some selfings. 











\ fou 

™~‘ SP-7 SP-8 A B Cc b 

*» 
SP-7 0.4 | 64.0 | 0.0 
SP-8 | 72.0} 0.0. | 46.5 | | 56.1 | | 51.0 | 
A | 69.0 | Ce Cia we 
B | 55.0 | | 47.4 | 0.0 | 55.2*| | 38.3 | 
Cc ae 1.2 [eee oe ee 
D | 79.1*| | 65.0] | 54.1 | 





* Size of the samples varied between 100 and 300, with exception of those marked *; these 
varied between 40 and 60 achenes. 

Italicized figures designate seed samples from which plants were used for the second genera- 
tion tests (table 7). 

Framed fields denote crosses which had given + pollen tube tests; unframed fields — tests. 


TABLE 4 
Pollen-tube tests of progeny SP-7XSP-8. 








J SP | SP 74 74 79 74 74 79 74 74 79 79 
e 7 8 3 17 «3 Ae wl 6 a ae 
SP-7 ~ + - - = - ~ - -- - 
—— <rusadansiaipiemiaias' saninaupdeenabaesimnrdemnastabicameateiniaensiams nadia =| Sree P 
SP-8 = ~ = + + + + + 
74-3 + _ ie sha pe i: 
74-17 + _ ~ - + + A 
79-3 — - — + + 
74-1 + | + * - _ + + 
74-5 4 + - - + B 
79-4 + +4. 
74-6 = ~ - - - |j}+ - ¢ 
74-2 - | + + + ++] - - 
79-1 = + | + ~ - D 
79-2 —- | + + |+ + | - 
P A B . D 


Pollinations between parent plants and progeny were classified according to the same criteria 
as used for SP-8XSP-7 (at least seven failures and seven successes). Relations between sibs were 
entered on the basis of results from single heads only (five failures or five successes). 
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pected to be fertile; also included were several combinations not expected to 
yield seed on the basis of the pollen tube tests. These crosses were made either 
under paper bags in the greenhouse or by isolating paired plants in various 
parts of Central California. Only one plant from a class was used for a partic- 
ular cross. The data in table 3 represent the percentages of filled seeds ob- 
tained and they correlate reasonably well with expectation; filled achenes 
ranging from 21.3 percent to 79.1 percent were obtained where expected. This 
wide range was probably due to the extremely variable conditions under which 
the seed was produced. On the negative side, no filled achenes were obtained 
from selfing of SP-8 and in crosses between SP-7 XC, AXB and B XA as ex- 
pected. One lone seed was unexpectedly obtained from selfing SP-7 and two 
from CXA; the cross C XSP-8 yielded 14.5 percent filled seed contrary to 
expectation. This is less, however, than the filled percentages obtained in any 
of the positive crossses. 
Family SP-7 XSP-8 

Ten plants (cultures 74 and 79) of this cross were available for study and the 
same four classes as in the reciprocal cross were found here. Table 4 shows the 
classes A (3 plants), B (3), C (1), and D (3) having the same cross relations 
with parents and sibs already known from SP-8XSP-7. The same rigorous 
criteria were applied as before in tests between parents and progeny; that is, 
“+” entries were based on at least seven stigmata with tubes (three or more) 
and “—” results were based on seven failures (no tubes or very rarely one or 
two). 

In testing relations between sibs only single flower heads were used and the 
entries were based on five successes or five failures of pollen tubes to grow. 
With this less rigorous criterion occasional “—” signs can be found in the 
table where “+” would be expected. 

A few tests between members of the reciprocal progenies SP-8 XSP-7 and 
SP-7 XSP-8 were also made; they confirmed in every case the identity of the 
reciprocal crosses; their results were not tabulated, however. 


Tetraploids 


The tetraploid plants (culture 76) obtained by colchicine treatment of sib- 
seedlings of the progeny SP-8 XSP-7 were also tested for self-incompatibility 
relations with parents and among sibs. As table 5 indicates, these tetraploids 
were self-incompatible and fell into exactly the same incompatibility classes 
as their diploid sibs, with class A containing two; B, one; C, five; and class D, 
one plant (table 2). All the possible parent-progeny tests were made, but only 
a part of the possible sib-combinations were tested and some of the entries 
were based on results from single flower heads, but the conclusions which can 
be drawn from table 5 are unequivocal: the tetraploids do behave the same as 
the diploids in this family. 


Second generation cultures from SP-8 XSP-7 


A working hypothesis attempting to explain the methods of control and in- 
heritance of self- and cross-incompatibilities was elaborated on the basis of the 
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results of the pollen tube tests available in the fall of 1948 presented in the 
foregoing. The derivation of this hypothesis is described in detail under 
“Discussion.” For the sole purpose of guiding the reader through the following 
experiments, which were intended to test the working hypothesis, the features 
of this hypothesis are anticipated and put down as simple postulates (cf. fig. 
ais 

1) Inheritance of self-incompatibility is controlled by a series of multiple 
alleles. Certain pairs of alleles were assigned to the various phenotypes; 


TABLE 5 


Com patibilities in a tetraploid family ex SP-8XSP-7 
(4n progeny produced with colchicine from 2n parents). 


\ 2 | sp | sp |76 76|76| 76 76.76 76 76 76| 76 | 


—|—|— — a: er iad te: aaa oes se. 





9 | 7 | 8 |10 26/7 | 8 27 63 6 28 62) 43 
an +]/- -j-| ------| - |] 

= ——— as ee —_ = — ee ee 2 P 
ss | +|-|- -|4| +++++ 4] + 
76-10 + & le | | + + + a ‘ 
76-26 + | - -|-— + + 4] Pp’ ue 
76-7 + | + -—|- + B 
76-8 _ = | | | ase | | 
me 2s fe TH o bom | 
76-63 | — -—- |- — | ‘ 
76-6 — — | -- - | | . 
76-28 —- —- ae tee —- -| | 
76-62 | — | —|- -| | -—=-j| - | 
am tet ache” TY = —| = | 8 

P A |B Cc i a | 


Some of the entries were based on single heads (at least 4 stigmata), but most entries were 
based on several heads. 


namely, SP-7 = R:R2; SP-8 = R3Ry; A= Ri R3; B= R, Ry; C= RoR, and D= R2R,. 

2) Control of incompatibilities is sporophytic; that is, the two alleles of the 
pollen parent determine together the reaction of all its pollen grains; these act 
alike regardless of which allele a particular grain contains. 

3) Rs is recessive to the other three alleles and Rz is dominant over them; 
R, and R;, the intermediates, do not show dominance over each other. 

To test the validity of the hypothesis, predictions were made regarding the 
progeny classes expected from crosses of members of the sib-classes A, B, C, 
and D from backcrosses to their parents. As pollen tube tests are a very time- 
consuming task, only a selected number of progenies were tested in the summer 
of 1949 from crosses made in the fall of 1948. These included two where the 
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parents, according to the hypothesis, had in common no allele of the postu- 
lated series of self-incompatibility alleles R:, Re, R3, and Ry. These two cultures 
represented crosses between the classes BXC and DXA (plants used were 
75-9 X75-1 for the former and 75-17 75-15 for the latter). Two progenies 
were also studied from sibs which were postulated to have one common allele, 
AXC and DXB (75-10 X75-13 and 75-17 X75-8). Five progenies were grown 
from backcrosses: AXSP-7, BXSP-7, CXSP-8, SP-8XC, and SP-8xXD 
(plants 75-2, 75-8, 75-14, 75-14, and 75-17 were the sibs used). 


TABLE 6 


Expected reactions between testers (top row) 
and all the possible classes. 














B D SP-7 SP-8 
CLASS — ne en 
a RiR RoR, RiRe RsR 
Heterozygotes 
A RiRs —-—* ++ +. — a 
B Riks a ++ = ++ 
C RoR sie a —e —=}- 
D RoRs = oe os a 
SP-7 RiR2 a3 =e -— ++ 
SP-8 R3R, ++ se a So 
Homozygotes 
Riki ee a ~— ++ _ indistinguishable from B 
R2Ro = —— -- ++ _ indistinguishable from D 
R3R3 = ee a ++ ++ — — _  indistinguishable from SP-8 


RRt ++ oaan aane be 


* First symbol for tester as o”, second for tester as 9. 


t RyRy should be rather expected not to pollinate B, D and SP-8; it was found, however, that 
it can do so—see Discussion. 


The class to which the individual progeny plants belonged was determined 
by the use of certain testers. Table 6 shows the expected results for crosses 
between the members of all the classes and the testers. For classes A, B, C, and 
D these reactions had been found by the previous experiments (tables 1 and 4). 
The designations of the original parents “SP-7” and “SP-8” were taken over 
for the classes having their respective genotypes—no confusion ever resulted 
from this practice. The reactions of classes SP-7 and SP-8 were also already 
known. 

Homozygotes R,R,, R3R3, etc., were expected to occur in the second genera- 
tion according to the hypothesis. These had not been encountered previously 
and their reactions had to be deduced. Their expected behavior and the sub- 
sequent observations coincided (table 6), with the exception of RyR, which 
was unexpectedly able to fertilize the types Ri Rs, R2Rs, RsRs (v. Discussion). 

While R,R, had characteristic test reactions of its own, it was not possible by 
the pollen-tube tests to distinguish RR; from B and R3R; from class SP-8 
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CROSS 





BXC 
RiRiXR2Rs 


One plant died prematurely. 


DXA 
R:Ri XRiRs 


One abnormal dwarf failed to bloom (replaced by -18); 


AXC 
Riki XR:Rs 


DXB 
RRs XRiRi 


CULTURE 
AND 
PLANT 

NO. 


106-10 
106-12 


94- 6 
94-4 
94- 7 
94- 8 
94-18 
94-2 
94- 9 
94-10 
94-11 
94-12 


105 -5 
105- 6 
105 -8 
105-10 
104- 3 
104 -5 
104 -6 
104- 7 
104 -8 
105-11 


97- 4 
97-13 
97 -2 
97- 5 
97 -8 
97-10 
97-7 
97-11 
97 -1 
97 -3 
97- 6 
97- 9 
97-12 
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TABLE 7 











TESTER PLANTST 








B D SP-7 
RR RR RRs 
—--* ++ 

-- ++ +- 
++ - -- 
++ -- = 
++ -- -- 
++ -- -- 
—- + — = 

—+ _ = _- = 
—+ _ — _— 
++ ++ +4 
++ ++ 

-- ++ 

++ -- 

++ -- 

+(-) -(-) - 
++ -- 

—-+ — «= 

— + — 

—+ _ — _ 
++ ++ 

++ ++ 

~ ++ +- 
-- ++ +- 
-- ++ +- 
++ — — «= 
-—-+ —_— —_ 

—+ -_- — 

—+ — —_ 

—-+ — —_ — = 
—+ —_— «= _— —_ 
—-+ —_— = —- = 
+(-) +H-) += 
++ +4 

++ ++ +4 
++ ++ 

++ . 

++ ++ +4 
-- ++ +- 
++ -- -- 
++ -- -- 
++ -- -- 
++ -- 

— + -—- = 

—-+ —_— = 

++ ++ +4 
++ ++ +4 
++ ++ +4 
++ ++ +4 
++ ++ +4 


SP-8 
RRs 


CLASSI- 
FIED 


F2 pollen tube tests. (Experimental results from Fe cultures.) 





| 
| 


L+t+t+t4 
1++++4++ +1 


2 an 
L++++i¢+4 | 


l+++1 


-+ 
—+ 
++ 
++ 
++ 
aaa 
++ 
++ 


+ 
+t++t+ ++4+4+4+44+ 


++t+ttett+++te+ 


* First sign for tester as co’; second sign for tester as 9. 
t Male steriles were classified by their stigma reactions alone. 


t Testers were: for B 74-1, 74-5, 79-4; for D 74-2, 79-2; for SP- 


Expected: A, D, SP-7, SP-8 
Observed: 2A:4D:3SP-7:2SP-8 





AaAAANw 


SP-7 
SP-7 
SP-7 
SP-8 
SP-8 


o' sterilet 


Expected: B, C, SP-7, SP-8 
Observed: 1B:4C:3SP-7:2SP-8 


two plants died during tests. 





R:Rs 


highly o sterileft 


RRs) 104-6, -7, -8 tested with C gave +— as 


RRs 
RR: 


nal 


B 
B 
D 
D 
D 
D 
SP-7 
SP-7 
Rik 
RRs 
RRs 
RRs 
Rik: 





expected. 


Expected: C, SP-7(A, RsRs) 
Observed: 2C:6SP-7:3A:6RsRs 
Two cultures: three plants died prematurely in 105. 104 contained only eight plants. 


Expected: B, SP-7 (D,R:Rs) 


Observed: 2B:2SP-7:4D:5RiRs 


7 and SP-8 the original parents and grafts from these. 
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TABLE 7—(continued) 


CULTURE TESTER PLANTSt 
were AND) ———— — — CLASSI- 
oe PLANT B D SP-7 SP-8 FIED 
NO. Riki R:Rs RiR: RR, 
AXSP-7 109- 5 -- + + -— A 
RiR:XRiR: 109- 6 -=— + + -- A 
1009-8 —-— ++ _ A 
100-12 — — + --— A 
14 -—- ++ _ = A 
104 --— $4 + _ A 
110-11 + _ -=— A died early 
109- 4 + + -—=— + Cc 
109-10 ++ —— + Cc 
110-1 + -- — + c 
110-12 ++ -- -- —+ Cc 
ms Se cs = a eas D ) 
_* i he * eee oa Fifth, unexpected class 
110- 8 + + -=— -=- ++ D | ° 
110-10 ++ —-— -- + + D J 
109 -3 —- + - ++ SP-7 
109 -9 di lh a oe j < SP-7 
109-11 — + _-— + + SP-7 
110- 5 — + -— + + SP-7 
109-13 -- + + + + Riki 
110 -2 - + - ++ Riki 
110 -3 - = + + +> Riki 
110 -6 -_-— ++ + — ++ R.iR, Expected: C, SP-7(A,R:R:) 
110- 9 -_-- ++ + — ++ RiR, Observed: 7A:4C:4D:4SP-7:5R,R: 
2 cultures. 
sans wt +e = = esa D 
RiRiXRiR: 107-3 ++ = fs sk D 
107 -2 = = i + SP-7 
107 -7 - + —— —- = + + SP-7 
107 -4 - ++ + ++ B or Riki 
107 -5 - = + + + + B or Riki 
107 -6 -- ++ - + B or RiRi 
107 -8 -- + + + + B or RR: 
107 -9 - + + + + B or Riki 
107-10 _-— + + + + B or Riki 
107-11 -- ++ + + B or RiR; Expected: D, SP-7 (B, RiR:) 
107-12 -- ++ + + B or RiR: Observed: 2D:2SP-7:8B or RiRi 
CxXSP-8 99-1 ++ -- -- — + Cc 
R:R:XRiR: 98-3 + + -—=— -— = - + C 
99 -2 =<) <_<) (=) ( o sterilet 
100- 1 2 ie a = to Se 
98- 4 a we ha = ee D 
8-5 ++ -- -- ++ D 
98 -2 + + oe 3 + -- SP-8 or RiRs 
99 -1 +(—) +(-—) +(—) —(—) SP-8 or RsRs oF sterilet 
99- 3 ++ ++ -- SP-8 or R:R: Expected: D, SP-8 (C, R:Rs) 
99- 6 died early ++ SP-8 or R:R: Observed: 2D:4C:4SP-8 or RsRs 


Only 10 plants survived from 4 cultures of this cross-incompatible combination. 


SP-8 XC 117- 2 


+ + —— - = -+ c 
RRXRR 117-6 ++ -- -- —+ Cc 
117- 3 + + -=— -=— ++ D 
117- 4 ay =o + + D 
117- 9 + + > = —-<— + + D 
117-10 + + a lec ++ D 
117 -1 ++ + + -= SP-8 or RsRs 
117- 5 + + + + + + SP-8 or RR; 
117 -7 + + + + + + se SP-8 or RRs 
117- 8 + + + + + + -- SP-8 or R:R; Expected: C, D (SP- 8, RsRs) 
117-12 + + + + -- SP-8 or RsRs Observed: 2C:4D:5SP-8 or RRs 


One plant died prematurely. 
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TABLE 7—(continued) 





CULTURE TESTER PLANTSt 











pants AND CLASSI- 
PLANT B D SP-7 SP-8 FIED 
NO Rik RRs RR: R:Ry 
SexD 16-3 adel ae Abe cae A \ unexpected class 
RsRiXR:R 116-11 --— ++ +- -- A J 
116 -3 ++ -- -- —-+ Cc 
116- 9 + + -- -- — + Cc 
116- 1 + + + + + -=— SP-8 
116- 5 + + + + ++ -- SP-8 
116 -8 +(-) +(-) +(-) —(-) SP-8 o'sterilet 
116-10 + + + + -- SP-8 
116-12 + + ++ -— SP-8 
116- 4 ++ ++ + + + Riki 
116- 6 + + +> + + + R.R. Expected: C, D (SP-8, RiRs) 
116 -7 ++ ++ + + R.R, Observed: 2A:2C:0D:5SP-8:3RiRs 
Total 120 As expected: 114 


Unexpected: 6 





(R2R2 was not obtained). To make these distinctions, progeny tests would be 
necessary which are not included in the present investigation. 

Table 7 summarizes the results. The “+” entries were based on a minimum 
of four stigmata with pollen tubes, regardless of the number of failures; “—” 
entries, on a minimum of four stigmata without pollen tubes and not a single 
stigma with tubes. As in table 1, at least three pollen grains on a stigma were 
necessary for it to be counted and three pollen tubes or more for a positive 
count (one or two tubes again were exceedingly rare exceptions, either strong 
or no reactions being the rule). These statements of minima give no real 
picture of the amount of accuracy obtained as a great number of replications 
were frequently made, especially in the case of the negative entries, in order 
to check and countercheck results. 

Some classes could be assigned by testing with just one tester; thus, only C 
gave reciprocally different results with SP-8 and only class SP-7 with tester B. 
The other heterozygotes could be determined by the use of two testers; e.g., 
“— —” with B and with SP-8 characterizes members of class A. The use of three 
or four testers with most individual plants represented an additional check. 
It can be therefore stated with confidence that misclassifications should have 
been very uncommon. 

The following results were obtained: 

Classes B and C which presumably had no allele in common (for genotypes 
consult table 7 or fig. 1) were expected to produce the progeny classes A, D, 
SP-7, and SP-8. These four classes were actually observed, with the fre- 
quencies 2:4:3:2. 

DXA, also with no allele common to the parents gave 1 B:4 C:3 SP-7:2 
SP-8 in keeping with the expectation. Plant 94-8 was apparently male sterile. 
Its pollen which was of normal appearance under the low power of the micro- 
scope always failed to produce tubes—even when tested on entirely unrelated 
plants. This plant was therefore classified on the basis of its stigma reactions. 

In the crosses which now follow the pairs of parents had one factor in common 
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and it remained to be seen whether both segregating types of pollen from the male 
would function in these crosses ; that is, whether both Rz and R; pollen or Rz pollen 
only would fertilize in a cross R\R3X R2R3. In listing the expectations below, 
the classes expected from pollen carrying the common allele were written in 
parentheses. 

Thus, AXC was expected to yield C, SP-7, (A) and (R3R3). Actually ob- 
served were 2 C:6 SP-7:3 A:6 R3R3. Pollen production in one of the R3R3; 
plants (104-3) was very scant, but the pollen was functional if enough was 
gathered to cover stigmata of a completely unrelated plant. 104-3 was classified 
on the basis of its stigma reactions alone. 

The cross DXB was expected to give B, SP-7, (D) and (R,R,) and these 
classes were produced in the ratio 2:2:4:5. 

The backcross of A to the parent SP-7 with the latter as the male was ex- 
pected to result in the classes C, SP-7, (A) and (R,R,). Culture 110 of this 
cross was studied first and three plants of the unexpected class D were found. 
Suspecting a contamination, culture 109, which had originated from the same 
two parents, was taken from the reserve and its members tested; here again 
one D plant was found, which made a contamination appear less likely. Thus, 
in the two cultures together were obtained 7 A:4 C:4 D:4 SP-7:5 R.R,, five 
classes in all instead of the expected four classes. No explanation for this dis- 
crepancy can be given. 

Progeny classes D, SP-7, (B) and (RiR:) were expected to result from 
BXSP-7. The incompatibility reactions of the latter two are the same and in 
keeping with the expectation the following were obtained: 2 D, 2 SP-7 and 
eight plants which could have been either B or RR. 

Pollen-tube tests had indicated that pollen of SP-8 fails on C (tables 1, 4) 
but when the cross was made and the seed planted each of four cultures of 50 
seeds gave a few seedlings (5, 3, 2, and 1 germinants; the numbers of filled 
achenes were 8+9+3-+9= 29 or 14.5 percent as entered in table 3). Only ten 
of these survived to maturity and could be tested for their incompatibility 
reactions. The expected classes were here D, SP-8, (C) and (R3Rs3), with SP-8 
and R3;R; indistinguishable, except by progeny test. 2 D, 4 C, and 4 either 
R;R; or SP-8 were found. Two plants were pollen sterile, as their pollen always 
failed, even on unrelated plants, though it was of normal appearance under 
the microscope. These two plants, 99-1 and 99-2, were classified by their 
stigma reactions. 

SP-8 XC was expected to give classes C, D, (SP-8) and (R3Rs3) of which the 
latter two were indistinguishable. Observed were 2 C:4 D:5 SP-8 or R3Rs3. 

From SP-8 XD were expected C, D, (SP-8) and (R4R,); obtained were 2 C, 
5 SP-8 and 3 R,R, as expected, but no D plants. In addition, two unexpected 
A’s occurred. No explanation of this deviation from the expectation can be 
given. 

Altogether, a total of 120 plants was tested. Of these, 114 belonged to classes 
which were expected in their respective cultures and six were unexpected. The 
most noteworthy result is the occurrence of four classes in all the crosses, with 
the exception of the unexpected fifth class D in AXSP-7. It is not in contradic- 
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tion with this statement that only three groups could be observed in those 
crosses where the homozygous class is indistinguishable from one of the 
heterozygous ones. 

The great ease with which homozygotes were produced in this self-incompati- 
ble species was surprising. While the above evidence appears to be irrefutable 
on this point it is indirect and only the genetic analysis of the presumed 
homozygotes can bring the final proof. Crosses like R3R3XR,R, should give 
only one single progeny class and R,R2 X R3R; should give two classes. 


TABLE 8 


Backcrosses of sibs ex SP-3XSP-6 and SP-6XSP-3 to their parents.* 


PLANT NO. SP-3 2 SP-30' SP-6 9 SP-6c' 


Culture 82 (SP-6XSP-3) 


82- 1 + + - _ 
82- 2 + = = _ 
82- 4 + —? 
82- 5 a a _ — 
82- 7 + + 
82-10 + -}. a? = 
82-11 4. ~ -_ — 
Culture 83 (SP-3XSP-6) 

83- 1 oe + - _ 
83- 3 + - _ 
83- 4 + ot. = — 
83-11 ao — — —_ 
83-13 “- -t — — 
83-16 a _ 
83-17 + 4 

- ay 


83-22 


* Criteria used are the same as in table 1. 
? One head gave +; probably due to error as retesting gave —. 


Families SP-3XSP-6 and SP-6XSP-3 


In addition to this analysis of progenies from SP-7 and SP-8, another 
combination was used; namely, the progenies SP-3 XSP-6 and SP-6XSP-3 
(table 8). Fifteen plants were tested of the two crosses by pollen-tube tests 
with their parents and it was found that the pollen from all of these produced 
tubes in the stigmata of SP-3, but SP-3 pollen failed on six while successful on 
the remainder. Ten plants of this group were tested with SP-6 and they all 
proved reciprocally incompatible with this parent. 


Existence of a large number of classes 


The origin of plants SP-1, SP-2 to SP-15 was described under “Materials.” 
As stated there, it was not known to the author to what extent these plants 
were interrelated. The results of a survey of this group with respect to their 
compatibilities is presented in table 9. Tested together with them was a 
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TABLE 9 


Pollen tube tests for compatibility of 14 plants 
with no known relationship.* 





oa SF & SF SP SP SP 3S S 2 SS FH 


1 2 4 7 8 $$ BRDHrNH Bat Ff 





+ 


+ + + + - 


++++ | 
| 
+1+ + 
l+++ 
+ 
4 
+ 
++ +441 
++ +44 
++++++ 
+ +4+4++4+ 
++t++ +44 


++ ++ 
| 
+++ 


SP-14 + 
- 


1? 2) 
his 
+ ++4+4+4+4++ 41 
+- 


+++ 
+ +444 


+ + 
+ 


+ - 
+ _ _ 


+ + +++ ++ 
+++ +44 
+ +4++4+1 

of 

| 





| 
| 
| 
| 
| 
| 
| 


+ Tubes formed in at least three stigmata. 

— Consistently no tubes in five or more stigmata (the two reciprocally incompatible pairs 
were tested more than 20 times, but for the selfs usually only one head with five stigmata 
was used). 

* Except the mother-daughter pair, IV-P and IV-F. 


mother-daughter pair of different origin, plants IV-P and IV-F. As far as 
tested they were all found to be self-incompatible; a few incompatibilities 
between plants occurred also. However, the large number of cross-compatibil- 
ities is striking; it indicates that there are many incompatibility classes in 
guayule. 

Entries in the table were based on results from one or more heads. Required 
were at least three stigmata with tubes for “+” and at least five stigmata 
without any tubes for “—”. The few cross-incompatible combinations shown 
in the table were tested on at least 20 stigmata to eliminate misclassification. 


DISCUSSION 


Self-incompatibility has been analyzed in many species and the main types 
of inheritance were brought together and critically reviewed by BRIEGER 
(1930) and Stout (1938). There is no reason for repetition. But some compari- 
son of the behavior of guayule with that of some of the more thoroughly 
analyzed plants will aid in reaching an understanding of the behavior of 
guayule itself. 

The most carefully investigated species is Nicotiana Sanderae (East and 
MANGELSDORF 1925). Its self-incompatibility is determined by one series of 
multiple alleles and any pollen tube carrying an allele which is also present in 
the style usually fails to reach the ovary. Plants having two alleles in common 
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are incompatible. Thus, S,,S, is incompatible with all other S,,S, plants, 
besides being self-incompatible. Plants having one common allele like S,,S, 
and S,S, are compatible, but only one type of pollen grain functions if they 
are crossed and two classes of progeny result: SnS,X5S,So. gives SnSo and 
S,So. Four classes result from hybridization of two plants which have no allele 
in common, as in the cross S,S,XS.Sp. If a homozygote is crossed with a 
heterozygote reciprocal differences in compatibility result; SnSmXSmnSn is 
compatible, because S, functions in the S,,S,, style, but the reciprocal combina- 
tion is incompatible as growth of an S,, gametophyte is hindered in a style con- 
taining the same allele. Such reciprocal differences, however, are a special case 
as homozygotes are not usually obtained. 

This system has been claimed to apply without further modification to 
members of very different families; for instance, species of Veronica, Antir- 
rhinum, Nemesia, Oenothera and Trifolium (see the reviews cited above). Some 
of these have been thoroughly tested and there is no doubt that a species like 
Oenothera organensis, the object of many brilliant studies by S. EMERSON 
(1938) and D. Lewis (1947 and other papers) follows this scheme. But there is 
a tendency to ascribe too general a validity to it and to adopt it for new cases 
of self-incompatibility without investigating first the details which were 
proved for Nicotiana. A case in point is Cosmos bipinnatus (LITTLE, KANTOR 
and Rosrnson 1940), which is singled out here because it is a member of the 
Compositae like guayule. The entire experimental evidence in Cosmos consists 
in the observation of four incompatibility classes in the second generation 
which were discovered by means of sib crosses and the authors subsequently 
argued that the Nicotiana scheme should apply. In guayule there were also 
four classes found, generally, in the progeny of any two plants, excepting 
homozygotes, but the deviations from the Nicotiana scheme are obvious. 
These are: (1) The frequent failure of guayule offspring to be compatible with 
their mother, while in Nicotiana only rare homozygotes are incompatible with 
their mother, and then only as pollen parents. This mother-offspring incom- 
patibility and incompatibilities between certain sib classes in guayule, as be- 
tween A and B, show that in guayule plants which have one allele in common 
frequently fail to cross; this will be discussed in more detail below. In Nico- 
tiana one-half of the pollen from a plant having an allele not present in the 
mate is functional, even if the second allele is present in both. (2) The ease 
with which homozygotes can be obtained in guayule whereas in Nicotiana 
they occur only by special manipulation; that is, by artificial pollination of 
closed buds or at the end of the season. If homozygotes were easily obtainable 
in Nicotiana the system would break down. (3) The number of classes pro- 
duced in crosses between heterozygotes in guayule is generally four, whereas 
in Nicotiana either four or two may result, depending on whether the parents 
had one or no allele in common. 

The behavior of Capsella grandiflora is of a different nature (RILEY 1932, 
1936). Rivey finds only three inter-sterile classes in his material and no more. 
Crosses may result in one, two or all three of these classes. Reciprocal crosses 
are either both compatible or both incompatible and reciprocal differences 
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are not found. To explain these results RILEy postulates the existence of two 
pairs of unlinked factors which control incompatibility, with one allele epi- 
static over the others. 

The mechanism in guayule is obviously different, with four to six classes 
(including the parents) found in every family and the frequent occurrence of 
differences in reciprocal crosses. 

But the two species have important features in common. In Capsella, the 
genotype of a sporophyte determines whether its pollen will be compatible or 
incompatible on a given pistil, not as in Nicotiana, where the reaction of a 
pollen grain is determined in the gametophyte itself. In the latter, in a cross 
SmSnXS,S_ pollen grains containing S, and S, behave independently and only 
S, pollen functions in fertilization. In Capsella, all grains from one plant act 
alike: in the cross TissX Tiss both Ts and ¢s grains are inhibited by the 
presence of dominant 7. The /s grains from a plant é/ss, on the other hand, do 
germinate on a T?tss style, but not on a é/ss style. This example from Capsella 
illustrates the sporophytic determination and the occurrence of dominance, 
two phenomena also found in guayule, as will be seen below. It should be 
noted here that dominance, in Capsella, occurs in both the male and the 
female components. 

Other examples of sporophytic control of self-incompatibility are the hetero- 
stylic plants (that is, those where the sexual organs differ in length in different 
individuals; see reviews by LEHMANN 1928, and BRIEGER 1930). One pair of 
alleles (or several closely linked alleles, ERNst 1928) controls self-incompatibil- 
ity and floral characteristics in the distylic primroses and at least two pairs 
are effective in tristylic plants like Lythrum salicaria. Also Cardamine pra- 
tensis, which is homostylic, exhibits sporophytic control of self-incompatibility 
and CorRENS (1912) postulated one series of four alleles for this species.* 

It is characteristic of all these species with sporophytic control of incom- 
patabilities that differences between reciprocal crosses do not occur; if two 
plants are prevented from crossing by the presence of a certain allele in both, 


3 The behavior of Cardamine pratensis has caused much bewilderment. Correns (1912) 
crossed $ and @ and grouped the progeny into four classes: a) compatible with both 8 and G, 
b) incompatible with 8, compatible with G, c) compatible with B, incompatible with @, d) in- 
compatible with $ and G. He assigned the genotype BG, Bg, bG and bg to them and formulated 
the following hypothesis: 1) B, 6, G and g are alleles, 2) B and G are active, b and g inactive, 
3) pollen-tube contro] is sporophytic. It is unfortunate that CorrENs designated 6 and g as in- 
active and called them “recessive” only parenthetically in quotation marks (p. 203). His stress- 
ing of the presumed inactivity of b and g created the main reason for all the perplexities caused 
by the hypothesis to its author as well as to many others, who subsequently forgot all about 
CorreEns’ mention of recessivity. If CorrENs had designated B and G as dominant over 6 and g 
(with dominance effective in both pisti] and pollen, see text) and the latter recessive (but active) 
all this would have been avoided. The relations of the four classes to their parents and to each 
other fall naturally into such a scheme, without the necessity for building a supportive hypothesis 
to explain the self-incompatibility of the ‘‘doubly inactive” genotype bg. 

This simple hypothesis fits the data of CorrENS. LAWRENCE (1930) and Bratus (1934), the 
latter employing plant material of his own, attempted to explain the data with more elaborate 
schemes involving several series of alleles—C. pratensis is a tetraploid—and genotypic control 
of incompatibility. 
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it is of no concern which plant is used as the female and which as the male. 
It is evident, then, that guayule does not follow these schemes, at least not 
without modification. 

Reciprocal differences in compatibility have been described in a number of 
instances. Already cited was the case of homozygotes in Nicotiana. In guayule 
the situation is not that simple as here plants which crossed in one direction 
but failed in the other gave four classes in their compatible crosses, as for 
instance the classes A and C; the cross CXA was incompatible, while the 
reciprocal AXC gave four classes as gave progenies from DXA, and BXC. 
Thus, neither A nor C can be a homozygote for a single determinant of self- 
incompatibility. 

SirKs (1926, 1927) modified the Nicotiana scheme to explain the reciprocal 
differences which he found in Verbascum phoeniceum. He postulated S, to be 
incompatible in styles containing S2 as well as in those with 5, and, similarly, 
Ss; pollen to fail on both S; and 5S, styles. Here, as in Nicotiana, only two 
classes should be formed in progenies from plants having a common factor, 
and Srrxks’ modification, therefore, cannot explain the guayule case. In- 
cidentally, an interesting corollary of the Verbascum scheme is the failure of 
the cross S254X.51S3 of two genotypes which have no common allele. 

The occurrence of reciprocal differences in Brassica oleracea has been ex- 
plained by KaxizakI (1930) by assuming an interaction between two pairs of 
multiple alleles, of which one interferes with and the other promotes pollen- 
tube growth. LAWRENCE (1930) shows that reciprocal differences in some 
cases, including Verbascum phoeniceum could be due to the interaction of two 
series of incompatibility alleles brought together by allopolyploidy. However, 
the hypotheses of these authors are not applicable to guayule, as the classes 
in the progenies would very likely number more than four. 

The preceding discussion emphasizes the following points: 

1) Self-incompatibility in guayule is controlled by a series of multiple 
alleles, as in Nicotiana, and a single such series is sufficient to explain the 
results which were obtained. Figure 1 is a hexagon, the corners of which desig- 
nate the six classes of the family SP-7 XSP-8 (and its reciprocal). The three 
types of connecting lines between the corners indicate the compatibilities 
and incompatibilities which were observed as explained in the legend. Below 
the class names are entered the Mendelian symbols adopted for each class: 
R,R:2 for SP-7, R3;R, for SP-8 and their four recombinations for the four 
progeny classes. 

2) The incompatibility reaction takes place between two sporophytes, as 
in Capsella. It is not necessary to postulate with RitEy (1936, p. 37) that the 
incompatibility substance of the pollen is produced during the reduction 
division of the pollen mother cell, as we have no exact knowledge of the when 
and the where. The reaction is one between cytoplasm produced in the male 
organ and a pistil. One cannot assume, however, that the same incompatibility 
substance, or substances, are diffused through the protoplasm of the entire 
plant, since an incompatibility reaction could then not take place; there must 
be two different substances which are able to react with each other, syn- 
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FicurE 1. Cross-compatibilities and incompatibiiities in one 
family of diploid guayule. 


thesized at two different places, the androecium and the gynoecium, by the 
same gene (or, as LEwis (1949) recently postulated, by two self-reproducing 
parts between which no crossing over takes place). 

3) The reciprocal differences which occur in the guayule material may be 
explained by assuming that certain alleles are dominant over certain others in 
the male, but not in the female. Thus, Re is dominant over the remainder, 
as reciprocal differences (see fig. 1) were obtained in the following crosses, 
with the arrow indicating the only way pollinations could be made: 


R,Rz (SP-7) R,Re (SP-7) R:Rs (C) RRs (C) 
| | | | 
RiR; (A) R,R, (B) R,Rs (A) RR, (SP-8) 


In each of these crosses R: was present in the male parent, but absent from 
the female. In addition the pairs had one factor in common; its ineffectiveness 
in association with R, in the pollen parent indicates dominance of Rg». In the 
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reciprocal crosses where R, was present in the style, the alleles associated with 
it prevented pollen-tube growth which shows that there is no dominance in 
the style. 

Those crosses in which R2 was present in both mates could not be made, 
regardless of which factor was associated with it; this also points towards 
dominance of Rez over the other three factors: 


R,R: (SP-7) R,R: (SP-7) R2R; (C) 





R2R; (C) R2R; (D) R2R; (D) 


The factor R, is recessive to the other three as its presence in two hetero- 
zygotes causes no incompatibilities between them—the crosses 


R3R (SP-8) R3Rs (SP-8) R2R, (D) 
t t I 
RR, (B) RRs (D) RR, (B) 


were all compatible in both directions. (Rs, however, is not a self-fertility 
factor as homozygotes R,R, were self-incompatible.) 

R, and R; have equal dominance values as the following reciprocally in- 
compatible crosses show; they indicate that either factor of a pollen parent of 
class A (R,R3) is equally effective in preventing fertilization if opposed by the 
same factor: 


RiR; (A) Ri R; (A) 


RiR, (B) RR, (SP-8) 


As noted above, in Capsella dominance is exhibited in both the pollen and 
the female organ. Also in artificial tetraploids of Oenothera organensis domi- 
nance of certain alleles over others occurs in the diploid pollen grains but not 
in the styles (LEwis 1947). Lewis interprets this as indicating that in the past 
history of the species modifiers have been selected to suppress dominance in 
the stylar tissue as interfering with a full expression of incompatibilities. 
Diploid pollen has not played a role before and where it is produced ar- 
tificially dominance as a primary property of certain alleles is made evident. 
In guayule the absence of dominance in the stigma and its presence in the 
pollen could hardly have arisen in this way, as presumably diploid control 
was present in both from the beginning. 

4) In Nicotiana two classes are obtained where mates have one factor in 
common. For the guayule case it is postulated that all pollen grains of a plant 
act alike; as a consequence four classes should arise in all crosses between 
heterozygotes even if they carry one common factor. This actually was found 
to be true, in general, as shown in table 7. 
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If the parents have no common allele the parental classes are not recovered 
in the progency, but only the recombinations. If the parents have a common 
allele the following progeny classes resulted in each case: The paternal class, 
a new Class (these two classes are also recovered in Nicotiana from a cross of 
the type S;S2X.51S3) ; third, the maternal class and fourth, a homozygous class. 
The following example from the data (culture 97) may be cited as an illustra- 
tion: 


R2R, (D) X Ri Rs (B) > RR, (B, paternal) + R,R2 (SP-7, new) 
+ R2R, (D, maternal) + R,R,. 


In similar fashion the homozygotes R,R; and R3R3 could be recovered. The 
production of R2R2 could not be accomplished because no two plants carrying 
dominant R; could be crossed. 

The homozygotes of R; and R; obtained in the various progenies behaved 
as could be expected of them (tables 6 and 7) giving reciprocal differences 
where crossed with plants carrying R2 in addition to R, or R3, respectively, 
and no reciprocal differences where R. was absent. The homozygotes for re- 
cessive Ry, however, gave no reciprocal differences in any case. Ry apparently 
caused incompatibility only if present in homozygous form in both mates: 
RR, was self-incompatible. 

Guayule is not unique in possessing this syndrome of one series of incom- 
patibility alleles, sporophytic control of the incompatibility reactions and 
dominance of certain alleles over others in the pollen. The priority for having 
recognized this mechanism of self-incompatibility in any species belongs to 
Dr. Morris B. Hucues who worked with Crepis foetida subsp. rhoeadifolia, 
another member of the Compositae. As the Ph.D. thesis (1943) in which 
HvuGHEs presented his material has not yet been published and is therefore 
not readily accessible, his results and conclusions are summarized below. 

HUvGHES crossed two plants which were designated later as belonging to 
classes V and VI and obtained four progeny classes I, II, III and IV. Figure 2 
gives the cross relations between these six classes together with the Mendelian 
symbols assigned to each class. It can be seen there that in Crepis, as in 
guayule, certain inter-class incompatibilities occurred and reciprocal differ- 
ences were observed also. 

To explain his results, HuGHEs made the following postulates (not quoted 
verbatim). 

1) Four alleles are responsible for the incompatibilities found in the families 
investigated. 

2) Pollen behavior is sporophytically determined; that is, the parental 
genotype is impressed upon the cytoplasm of all the pollen grains from any 
one plant. 

3) Ss; and Ss are dominant over S; and S2 but not dominant over each 
other. S2 is dominant over S;. The ultimate recessive of the series, S,, prevents 
fertilization only when homozygous in both the male and the female involved. 
Therefore, compatible crosses between two heterozygous plants carrying it 
will give some S,S; homozygotes. 
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The similarity of the behavior of this Crepis material with guayule is strik- 
ing. S3 and S, behave like R2 of guayule; their homozygotes cannot be ob- 
tained because no two plants containing the same dominant allele can be 
crossed. S; in Crepis corresponds to R; and R; in guayule. HUGHEs probably 
obtained S25, homozygotes in his cross 5;S2X5S254; but without progeny test 
he was unable to distinguish S252 from S,S;—just as in guayule the homo- 
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FicurE 2. Cross-compatibilities and incompatibilities in Crepis foetida 
subsp. rhoeadifolia (based on HucuHeEs 1943) 


zygotes of the intermediate alleles R,; and R; exhibited the incompatibility 
behavior of certain heterozygotes. Finally, S; and Ry, the ultimate recessives 
in the Crepis and guayule series prevented only the selfing of homozygotes but 
were ineffective in any crosses between homozygotes and heterozygotes. 
Crepis foetida subsp. rhoeadifolia and guayule are the only two members 
of the Compositae in which the heredity of incompatibilities has been suf- 
ficiently analyzed, as far as is known to the author. Reports on a few other 
Compositae can be found in the literature but the results do not warrant 
definite conclusions. One such case is Cichorium Intybus where Stout (1916, 
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1917, 1918) described great irregularity of behavior. The case of Cosmos 
bipinnatus (LitTLE, KANTOR, and Rosrnson 1940) was mentioned above. 
LAWRENCE (1930) has made some observations on Dahlia which are of great 
interest here. To quote from his paper: ‘‘Partial compatibility and the ‘one- 
way’ compatibility are common phenomena in this hexaploid Prunus, and 
even more common in the octoploid Dahlia (D. variabilis). In this last species 
several cases are known of seedlings failing with their female parent but 
setting with their male. This has not been found in the plum. The evidence 
strongly suggests that until relatively homozygous forms are raised by selec- 
tion and inbreeding this phenomenon of seedlings failing on their female par- 
ents is characteristic of polypoids. No such case is known within a diploid 
species.”” Two such cases, found since, are described here and the question 
arises whether the failure of the pollen of some Dahlia seedlings on their 
mothers may be the consequence of the ‘‘Composite type” of incompatibility 
system, rather than of polyploidy. (Crepis foetida with 2n=10 chromosomes 
undoubtedly is a diploid. The elevated chromosome number of 36 in guayule 
may be suggestive of polyploidy; also Dr. Rotts has informed me that 
2n= 24 occurs in P. bipinnatifidum, in another section of the genus. The in- 
heritance of incompatibility described here certainly is that of a diploid or 
“‘diploidized”’ plant.) 

Only the analysis of additional species of the Composite family can de- 
cide whether there is a ‘distinctive “Composite type’”’ of incompatibility as 
suggested here and the field is large; East (1940) has estimated the number of 
self-incompatible species in this family at several thousand. 

For a discussion of self-incompatibility in the tetraploid guayule material, 
of which the colchicine produced generation was studied, the reader is re- 
ferred to the previous paper in this series (GERSTEL and RINER 1950). 

Results of the nature presented in table 8 could obviously be obtained where 
two strongly dominant alleles are present in one parent (SP-6) and an inter- 
mediate and the ultimate recessive in the other parent (SP-3). These data 
indicate that in certain crosses all of the progeny may be incompatible with one 
parent; such a situation would impose an additional handicap upon the guayule 
breeder, who has to depend in his work upon the use of backcrosses, at least 
in the solution of some of his problems. Self-incompatibility always interferes 
with the use of inbreeding methods, but guayule is even more difficult to manip- 
ulate than plants having the Nicotiana-type of incompatibilities, because of 
greater restrictions upon the use of sib crosses and the frequent failure of 
backcrosses. 

Finally, the data in table 9 on the compatibilities between fourteen plants, 
presumably not all related to each other, are included as they demonstrate 
that the number of different incompatibility alleles in existence is considerable. 


SUMMARY 


A progeny of two diploid guayule plants was found to consist of four differ- 
ent incompatibility classes. All crosses within these classes were incompatible, 
as were crosses between certain classes and between some classes and the 
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parents. Reciprocally different results were obtained in crosses between two 
sib classes and in some parent progeny crosses. 

These results were based on pollen-tube tests, but seed-setting tests made 
on a modest scale gave similar results indicating that no incompatibility 
barrier existed in this material independently from the one. located in the 
stigmata. In only one case an appreciable amount of seed was obtained where 
none was expected. 

Reciprocal crosses between the two parents gave the same four progeny 
classes. Tetraploid progeny plants, produced by colchicine treatment, reacted 
the same as their diploid sibs in selfing and in crossing tests. 

It was consequently postulated that there exists one series of multiple 
alleles, which were named Rj, Re, R3, and R, in distinction from the S alleles 
of the Nicotiana type of self-incompatibility. Incompatibilities were assumed 
to be sporophytically controlled; that is all the pollen grains from one plant 
act alike and depend on both alleles present in the pollen parent. Dominance in 
the pollen, but not in the stigma of R:z over the other alleles and of R; and R; 
over R, would explain the reciprocal differences obtained in certain crosses. 

Nine second generation cultures containing in all 120 plants were produced 
in part by backcrossing and in part from sib crosses. They bore out, in general, 
the expectations based on the working hypothesis with the exception of six 
plants of unexpected genotypes which had appeared in two of the cultures. 
Five pollen sterile plants had to be classified on the basis of their stigma 
reactions. 

In keeping with the hypothesis four progeny classes were obtained even 
where two heterozygous parents had one allele in common and plants homo- 
zygous for self-incompatibility alleles occurred in abundance. 

In an unrelated family, parent-progeny tests indicated that the principles 
of inheritance and control were probably the same, with a different distribu- 
tion of dominant and recessive alleles. Here one parent was incompatible in 
all crosses with all of its offspring which situation must present a particular 
handicap upon plant breeding procedures. 

The existence of a large number of alleles in the species was suggested by 
the occurrence of few cross-incompatibilities among a sample of 14 plants of 
which only two were known to be closely related. 

Thus, the type of self-incompatibility found in guayule combines a feature 
from Nicotiana; namely, the extended series of multiple alleles, and another 
from Capsella; namely, sporophytic control with a third which is known from 
tetraploid Oenthera organensis; namely, dominance expressed in the pollen, 
but not in the style. This type has been found to occur in only one other plant, 
a species of Crepis, which, like guayule, is a member of the Compositae. 
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